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PREFACE

This report presents the findiags of a Rand analysis of the life cycle of aircraft
turbine engines. Application of the methodology developed in the study should aid
decisionmakers by yieiding useful insights into the life<cycle process not only for
engines but for other aerospace equipment as well. The study was undertaken as
part of the project *“Methods and Applications of Life-Cvcle Analysis for Air Force
Systems,” sponsored by Froject ALR FORCE (formerly Project RAND) and conduct-
ed initially within the R&D and Acquisition Program and later within the Logistics
Program at Rand. The work was performed during 1975 and early 1976 using data
current as of 1974. A progress report was widely briefed during 1976 and early
1977, followed by publication of a short executive summary: R-2103/1-AF, Life-
Cyele Analysis of Aircraft Turbine Engines: Executive Summary, by J. R. Nelson,
March 1977,

Expanding on earlier Rand efforts in weapon-system life-cvcle analysis! and
aircraft turbine engine state-of-the-art assessment and acquisition cost estimation,?
the present study examines the life-cycte process for this important subsystem in
the hope that findings previously obtained at the weapon-system level can be
corroborated and policy issues clarified.

The report discusses the acquisition and ownership phases of the military
engine life-cycle process, the data available for aralysis, und the model-develop-
ment and application resuits for each phase. Commercial lifecycle practice is
reviewed for lessons that might be appliccble to military practice. The report
should be of interest to offices at Hq UISAF, the Air Force Systems Command, and
the Air Force Logistics Command, where qualicy and cost tradeoffs during a weap-
on-system life cycle and the efiects of such tradeoffs on meeting a military mission
in an era of increasing budget constraints are matters of close concern.

'J. R. Nelson et al., A Weapon System Life-Cvely Overvicwe: The A 7D Experience, The Rand Corpora-
tion, R-1452-PR, October 1974; and M. R. Fiorelto, Estimating Life-Cyvele Costs: A Case Study of the A-7D,

The Rand Corporation, R-1518-PR. February 1975.

*J. R. Nelson and F. 8. Timson, Relating Technology to Acquisition Costs: Aircraft Turbine Engines.

The Rand Corporaticn, R-1288-PR, March 1974,
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SUMMARY

This report presents a methodology for life-cycle analysis of aircraft turbine
engines, derived from the study of historical data; the data in some instances span
25 to 30 years, and in others only one or two years. The report also presents
numerous findinps—some of them surprising—that emerged from study of the
data. The findings suggest ways to augment and improve the methodology in the
future, and some of them should be of immedia.e utility to the Air Force for
improving engine life-cycle cost estimates and acquisition and ownership practices.
The study’s governing objective is to enable the weapor.-system planner to acquire
early visibility of cost magnitudes, proportions, and trends associated with a new
engine’s life cycle and to identify “drivers” that increase cost and can have the
effect of lowering capability.

The study was prompted by the fact that the costs of acquiring and owning
turbine engines have escalated steadily over the years for both military and com-
mercial users. Most of the causes are readily apparent. Demands for higher overall
quality—meaning performance, primarily, for the military—have resulited n larg-
er engines that produce greater thrust, run hotter, are costlier to maintain, and
entail higher basic engine prices. Material costs associated with engine price have
also risen rapidly in the recent past; over the long term, however, labor costs,
primarily in the manufacturing sector, have risen proportionately more so.

The Air Force has long been aware of these facts, generally speaking; however,
one of the major findings of this study is that engine ownership costs are much
greater than, and different from, what anyone has previously realized. For exam-
ple, it now appears that depot costs alone could exceed procurement costs for a new
engine with a 15-year lifespan. (In this study, all costs are expressed in constant
dollars. Discounting may change some findings, depending on the distribution of
cost outlays over the ti) 1e horizon of interest and the discount rate assumed.)

The chief problem confronting this study, as it has confronted past researchers,
is the lack of disaggregated, homogeneous, longitudinal ownership data that are
specific to particular engine types, notably at the Air Force base and depot level.
The collection of such data will be necessary for perfecting the methodology, which
weapon-system planners can then use to calculate the costs and benefits of &
proposed engirne for a new aircraft in the early stages of planning and selection; in
later phases of the life cycle, logistics managers can use the methodology and the
feedback it produces for more eifective system management.

The procedure followed in this study was to: (1) develop a theoretical frame-
work for each phase of the life cycle; (2) collect and analyze data for each phase;
(3) develop parametric cost-estimating relationships (CERs) for each phase; (4) use
the CERs in examples to ascertain behavior and obtain insights into cost magni-
tudes, proportions, and trends, and to identify cost-drivers and their effects; and (5)
examine commercial experience for cost data and operational and maintenance
practices that could be profitable for the Air Force.

-— .The CERs obtained in~lude engine characteristics nd schedule variables
T—— . .
known to bei at to egch phase of the life cycle. They also include measW

of the quelity (benefit sought) and the stateoithe-art Advance répresented by a
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particular engine. In its fullest sense, quality embodies not only the performance
measures emphasized by the military, but also durability, reliability, maini nabili-
ty, safety, and concern for environmental effects, all of which are important to the
commercial world. The overall balance among quality, schedule, and costs for an
engine thus reflects the exrly planner’s estimate of the utility of the product ulti-
mately delivered to the user.

For a new military engine (acquired and owned under conditions similar to
those with the previous engines constituting the data base) that will have ¢
operational lifespan of 15 years, the findings indicate that:

As mentioned above, engine ownership costs are significantly larger than
and different from those found in previously published studies. For in-
stance, engiue depat and base maintenance costs, not including fuel and
attrition, can exceed engine acquisition costs. This finding is true for cur-
rent fighter and transport engines.

Depot. costs alone can exceed procuremeni costs.

Component improvement programs (CIP) conducted during the operatiun-
al life of an engine can cost as much as it did to develop the engine to its
initial model qualiiication. A difficulty encountered in this area has been
the aggregate . nature of the CIP funds. Prior to 1969, CIP funding did not
separate performance growth and additional engine applications from
correction of deficiencies, reliability enhancement, cost reduction, and re-
pair procedures. Consequently, this study has not been able to ascertain
specifically the cost of some magnitude of reliability imprcvement during
an engine’s maturation. (The models can be used, however, to estimate the
ownership cost reductioti expected by inproving the actual and maximum
times between overhaul.)

If component improvement and whole spare engine procurement are con-
sidered ownership costs, then ownership currently constitutes at least
two-thirds of total engine life-cycle cost. This is true for current supersonic
fighter and subsonic transport/bomber engines.

Satiafying results, in terms of statistical quality, thearetical behavior, and
experience from past programs, were obtained from modeling perfor-
mance/schedule/cost relationships for the development and produstion of
milifary engines; the statistics were highly significant and the positive and
negative signs for the variables occurred as one would oxpect from
theoretical considerations and actual experience. Mixed but promising
results were obtained in modeling ownership costs for military engines.
Depot main‘enance costs were more detailed and amenable Lo analysis
than base maintenance costs. Because both the depot and base models
were derived with sparse data, however, they must be used cautiously
until better data and thus improved models become available.
Application of the mode!s obtained in this study indicates that there is a
continuing trend in the direction of higher ownership cosis, measured in
both absolute dollars and as a percentage of iotal life-cycle cests. Increasy
ing depot cost is the primary reason for this trend. The production cost of
‘the engine (and its parts) is a contributor to depot and base support costs,
but so are ownership policies. To alter the depot cost trerd, the Air Force
will have to depart significantiy {rom its current ownership practices at
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both depots and bases. The study ident.fies operational and support puli-
cies and procedures that should be strongly supported in attempting to
break the trend. Recent efforts with the F100 engine concerning modular
design, onconditicn maintenance, engine diagnostics, and pewer manage-
ment are directed toward counteracting the trend and merit vigorous
support. But other policies und procedures bevond the scope of this study
ure also important.

¢ Acquisition and ownership costs for engines currently in the Air Force
inventory egn vary by an order of magnitude betweend engine programs
and applications; these costs are affected by the engine quality and mission
desired. the schedule imposed on new-engine acquisition, and the operat-
ing and support policies selected.

¢ The engine maturation process must be more fully understood it improved
analytical results are to be obtained and applied to new-ngine selection,
It takes an sngine a long time to mature (ccmmercial experience indicates
five to seven years). Consequently, average ownership costs are signifi-
cantly higher during that period than mature-engine steady-state costs in
terms of dollars per flving hour, the yvardsiuick most commoniy used.

T v n

‘To take full advantage of the methodology described here, the study recom-
mends that the Air Force:

+ Begincollecting and preserving disaggreguted, homogeneons, longitudinal
data at both aepots and bases, associated with specific engine types. Cur-

rently, efforts have just begun to separate base mainienance costs by ?
weapon system; and studies of total depot costs tor engimes do not consis-
tently include, along with overhaul of whole engines, the cost of parts 4

repair during overhaul, the cost of expendable parts, the tull cost of replac-
g condemned reparables, the full cost of modification hardware, and the
repair of components received directly from the tield and returned to the
field. g

» Use the methodology in its current form to estimate the costs of future
enines (that is, of any engines that are acquired in the same manner as
in the past), and to measure how costs might change it acquisition and
ownership were conducted differently; and update the methodology as
new data become available,

o Supplemeat the engine flying hour us the principal measure of the costs
of ownership with other outputs such us soities, takenitfs und landings,
engine throttle excursions, and calendar time. With the advent ot higher
fuel costs, the Air "'orce may elect to compress flying training into tewer
flving hours; if it does so, the total cost of flying may not necessarily show
n decrease because the cost of a sortie may remain the same or even
increase.

The Air Force may also wish to consider the following actions. for some of which
the rationale derives from commetcial experience:

o Expand the awareness of whai is entailed for the modular appreach o
engine design, which is already common ir some commercial engines and
is beginning to appear in military engines. Modular design apparently

+
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oxpedites and lowers the cost of maintenance, bt requires certann actions
which, it not aceamplished, can negate at least in part some ot the expected
benefits,

o  Monitor tullthrottle excursiony; even a nominal vreduction i hot-tume
ay signaticantdy inprove parts lite. The FH00 engine on the FAUS has an
excursion counter, but it iz aot vet warking very well; the new Engine
Diggnaatic Syatem for the FI100 could be extremely beneticial,

e Support efforts to move more in the direction o’ commercial-style on
vondition mainivnance, i an attemnt to extend the intervalds tor average
time between overhaunt (ATROY and determine the appropriate work to be

. done when an engine is returned to the depot. Such a move must be
temperad by Air Forve policy and Air Force experience.

o Caretully define "quality ™ and costs in the early phases of weapon svstem
phinning. Pertormance may well continie (o be the dominant aspect o’
quality tor the military; but planaers should be able to answer such ques:
tions ay, tor example, whether the atveratt's mission makes it worth it to
strive for an extra increment of engine pertormance itthe penalty may be
preater downtime and additional spare engine and parts procurement,
and thus higher overall acquisition and ownership costs. While the tech:
tque presented in the study is applicable at the engine subsystem level,
tinal design decisions must be related to the engine's impact on the system,
wherein other considerations such as mission eflectiveness, atteition, tuel
conzumption, and averatl and installation desipn chavraeteristics must be
weighed and given proper recopnition,

L o

s

When improved and backed up with proper data, the methodology presented
here should supply valuable intormation with which the initial tadeotls tor the
engine can oe evaluated,
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SYMBOLY

ATBO == Average time between overhaul, hours

| CIP = Component improvement program cost, millions of
1975 dollars _

: CPUSP = Current production unit selling price, thousands of

1975 dollars
. DMQTC = Development cost to MQT, millions of 1975 dollars
. DEVTIME = Development time from start to MQT, calendar
5 quarters

EFH = Engine flying hour

EFHC = Engine flying hour consumed by operating fleet

EFHR = Engine flying hour restored to fleet by depot

maintenance

KPRATE = Average production rate, 1000 engines/quarter' j
KPUSP = 1000th unit production cost, millions of 1975 3
dollars ?
E

LCC = Life-cycle cost
MACH = Maximum flight envelope Mach number (measure :
of speed related to speed of sound) i
MCDUM = Military-commercial dummy (1 = commercial, 0 =

military)
"MFRDUM = Manufacturer dummy (1 = Pratt & Whitney, 0 =
others)
MQT = Model Qualification Tesi
MQTQTR = Man-rated 150-hr Model Quahﬁcatlon Tést date. ot -n.* o

calendar quarters (October 1942 = - R ]
MQTY = Total quantity produced, millions of units '
MTBO = Maximum time between overhaul, hours
MVOLUME = Engine volume (max. dia. and length, cu. in./10%)
OPSPAN = Time since operational use began, quarters
PRQTYC = Production quantity cumulative cost at quantity
purchased, millions of 1975 dollars
QMAX = Maximum dynamic pressure in flight envelope,
b/ ft?
QTY = Quantity of production engines procured
RDT&E = Research, development, test, and evaluation '
RMS = Resource Management System ‘ i
SFCMIL = Specific fuel consumption at military thrust,
sea-level static (SLS), Ib/hr/Ib thrust H

TFMP = Maximum turbine inlet temperature °R
THRMAX = Maximum thrust (with afterburner if afterburner
configuration), SLS, b
TOA = Time of arrival

1 Several variables are expressed in what appear to be unusual units in order to obtain signifi-
cart figures in the computer outpout for various equations.
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Time of arrivai of domonstrated pertormance
obtained from model derived using 26 military
turbojet and turbofun engines, calendar quarters
Timoe of arvival of demonstrated perf: smance
obtained from model derived using 26 nalitary and
11 commercial turbojet and turbofun engines,
cunlendar quarters

TOAZE-MQTQTR, calendur quartors

Total development cost including MQT and product
improvemeit, millions of 1975 dollars

Pressure term (product oif QMAX x pressure ratio),
b/

Weight of engine at configuration of interest, |b
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CHAPTER 1
INTRODUCTION

Forwe know in part, and we prophesy in part. -
i Cor, 139

Over the pust decade, the Departiment of Detense has placed increasing empha-
’ Nz on understanding and assessing acquisition strategics and cost congiderations
in the development and procurement of new wveapon systems. in the prosent era
of budget conatruing, and with an increasing share of the Dol) budioet devoted to
aperating and supporting toress in being, it has become even more important to twe
uble to measure the contribution of both new and existing weapon systems to the
overail defense posture—that is, their benefits relative to their costs.

1t ix importunt to iink product cost to product benefits to be able to nddress the
queostion: the coat of what™ This is the objective of' lite-cyele analynis. ¥or instance,
the cost per unit of effectiveness tor a now weapon system can be reduced by eoither
ioworing coat or incroasing eftoctiveneas, or by doing both, Aggregation of cost
tigures alone is not enough; the key is to understand total lite-cyle cost in torems ot
ita full magnitude, distribution among cost elements, and trends over time rola: fve
to the benefits to be abtained. to be obtained.

DoD ofticiala have been concorned that, it current budget and cost trends con-
tinue, forces may not be able to modernize effectively or maintain effoctive pence-
time training and readiness operations; that woeld degrade our war-fighting capa-

. bility. Thia study is concerned with undemstanding tee maintenanees of a wartime
| capability in a peacotime environment, durtng which it can be dificult to justity
; what appear to be large detense budyeta; the tenor of the times calls for caretul sost
allocation to maintain a balance botweon curreat operntions and modernization It
alno appoars that, historically, it is in poacetime that operations and support budyp-
ots become large rolative to acquisition budgets; and because werpon systoma
remain in the inventory longer during peacotime, operations and support aecount
tor a luvger portion of the total lite-eyele cost.

Consequently, attention has recently focused on attempta to understand and
predict total lite-eyele costa tor new weapon systems and important subsystems,
including aireraf} turbine engines. Costs include not only those of nequisition tdeve-
lopment and pracurement) of'n tew weapois syatem, but also all the coats of operat. ,
x iny and supporting the aystem in the field during its inventory lifetime. The latter .
conts, tor both exiating and proposed woapon systems, must be morve clearly under
stood to make offoctive tradeofts during new developmenta end procuresments.
These costa are now a truitful arvea for inveatigation. The mumn ditheulty contront
iny this atudy, aa it has contronted provious rasearchers, is the unavailability of
dimgpregated, homogeneous, longitudinal diata associated with specitic engine
typea, particularly at the Air Force base and depot lovel. The data that are available

} .
|
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i
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: are lergely ageregated, hotorogencous, and croas-sectional, covering short periods
of time; and commercial contractors are undorstandably reluctant to offer free
; HeCeNR (0 cortain proprietary cost information.
' §
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OBJECTIVE OF THE STUDY

‘This study of the life-cycle analysis of aircraft turbine engines has a two-fold
objective: (1) to develop a methodology for assessing life-cycle benetite and costs;
and (2) tc apply that methodology to improve understanding of policy options for
engine acquisition and ownership.

The problem addressed is the weapon-system planner’s lack of detailed infor-
mation and a methodology to enable him to make early decisions concerning the
selection of a new engine within a life-cycle context. Accordingly, this report
3 presents information #nd & methodology for life-<cycle analysis, derived from the
study of historical data on military and commercial engines, to provide a weapon-
system planner an early analytical perspective. This methodology, when backed up
witn appropriate data collection, should equip the weapon-system planner with
E_ improved early visibility of the niagnitudes, p.oportions, and trends of costs as-
i soviated with the various phases of an engine's life cycle. He should then be able
to identify influential parameters that drive costs and exert leverages between
life-cycle phases, and thus be able to assess tradeoffs among quality, schedule, and
cost in the search for policies appropiiate to the various phases of a hew engine's
life cycle. The expected magnitude and proporiion of ownership costs relative to
total life-cycle costs has a direct bearing on early decisions.! If early policy decisions
cannot affect a large part of the ownership costs later on, then there is little need
to worry about such decisions. The planner may still want to spend additional
money on development and on ¢:mponent improvement, so as to enhance the
component's performance and reliability in the weapon system and thus increase
operational capability. But conrern about operations and support cost, if thig is the
relevant env.roniment, would certainly be secondary, even from the outset of early
planning.

The methodoiogy ran also serve as a controi or feedback mechanism as the new
syslem is developed, procured, and placed in operational service; the plarner can
use the information it provides to measure results obtained and use thosc results
in estimating benefits and costs for the next system.

The major concern: in this study, then, is to illuminate the entire lifecycle
process for railitary aircraft turbine engines in terms of overall benefits and coats 4
and their interactions. Commercial experience is also investigated to identify prac- §
tices that the military might profitably adopt

Several broad yuestions wili be addressed:

TTHI T I ETI—p Tr gra  amee

1.  What are the magnituucs of life-cycle costs for the various kinds of aircraft
turbine engines?

2. What are the ccst elements and their distribution?

3. How have these elements’ distributions changed over time?

4. Are costs driven by ceitain key parameters and can they i separated
from other parameters to measure individual effects?

5. Are there interrelationships or trudeoffs between phases of the product’s
life or between characteristics of the product?

6. To what degree do policies and organizational behavior affect costs? Can
relevant experience be obtained from study of commercial practices?

! Hee App. A for one aerospace manufacturer's viewpoint on when, in the life cyele of a new weapon
system, major influence is exerted on costs. \
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At least partial answers are sought in this study through the use of analytical
techniques applied to available data. The procedure followed was to: (1) develop u
theoretical framework for each phase of the life cycle, one teature of which was vse
of a technique for assessing the stute-of-the-art advance represented by a new
engine; (2) collect and analyze datu tor each phase; (3) develop and test parametric
cost-eatimating relationships (CERs) for each phase: (4) use the CERs in examples
to ascertain behavior and obtain insights into cost magnitudes, proportions, and
trends® and to identify cost-drivers and their effects; and (5) examine commercial
practice for cost data and operational and maintenance practices thut might be
profitable for the Air Force.

To the extent that this research is successful, it will provide aystem planners
with a set of abstracted and generalized results to aid in policy formulation for
future system - in particular, an important outcome would be technigues to predict
life-cyele benefits and costs, including the tradeoffs that may be made across life.
cycle phases and system characteristics.

BRACKGROUND

Aircraft turbine engires are a2 particularly promising subject for study because:
() They are extremely important in weapon-system applications: (2) they are felt
to be the pacing subsystem in aircrafl weapon-system development: (3) they repre-
sent a large inventery and budgetary expense; (4) their 30-vear history of continu-
ing technological improvement furnishes a sizeable (though fragmentary) data
base tor analysis; and (5) they could provide insights, from a subsystem viewpoint,
across the life-cvele spectrum, that may be readily applicable to the weapon-system
level. The subject also has an immediate practical urgency: Engines are a topic of’
considerable interest todny because of problems arising in the operational invento-
vy with aireraft grounded owing to engine-related problems,

Previous Rand studies have dealt with aircraft turbine engines, and some of
Rand's engine cost-estimating work goes hack over a decade. More recently, this
research has turned to the problem of measuring the state of the art in turbine
engines and relating this measure to development and procurement costs in an
attempt to evaluate tradeoffs in performance, schedule, and cost|1]. That methodol-
oy will be investigeted in this study for possible extension to ownership cost, to
assist in providing an everall methodology for estimating *otal life<cvele cost.

RESULTS OF PREVIOUS STUDIES

Many past studies have attempted to shed light on the engine lite-cycle process,
and current studies within the Air Force and the DoD community are extensively
involved in life-crcle cost estimates. The central question is, How much does it cost
to uequire and own a new military engine over its life ¢cycle? No previoas study has
been able to answer that question fully. The two major problems involved are

! Use of thig procedure implies that the future will behave like the past; consequently, the results
here upply to a "will-cost” context rather than a "should-cost” context. "Should-cost™ implica changing

the structure and behavior of the carrent institutional arrangement. "Will-cost™ entails the dunger off

being a selt-tultilling prophecy.
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obviously: (1) accurately nieasuring what has already taken place; and (2) using
such information to predict the future.

The most recent studies examined have been more qualitative than quantita-
. tive, or for the most part have addressed only a portion of the life cycle.®* Some
3 previous studies have attempted to quantify operating end support costs and total
’ life-cycle costs for cpecific engines, but no study to date has clearly and consistently
defined all of the relevant cost elements and obtained their associated actual costs
for any ongoing engine program. Furthermore, no methodology has been provided
for predicting costs for new engines over the entire life cycle. The lack of data is
- the persistent obstacle in the path. For existing engines in the USAF inventory,
L studies of operating and support costs have been performed with cross-sectional
3 data; in most cases, thiey ccver only a single fiscal year or even less. For a new
1 engine, the procedure has been tu select a closely similar existing engine and use
: modified cross-sectional data from that engine’s current experience (usually at
steady-state conditions) in an attempt to project operating co..s over the proposed
engine’s entire life cycle. The combined lack of disaggregated, homogeneous, lon-
gitudinal data and of a reliable methodology for projecting detailed cost estimates
over a new engine's life cycle have frustrated attempts to estimate lifecycie costs.
Furthermore, none of these previous studies have attempted quantitative calcula-
tions of the effect of state-of-the-art advances on life-cycle costs.

All these difficulties have led earlier studies into the erroneous conclusion that
engine base and depot maintenance costs are a relatively minor fraction of total
life-cycle costs for an engine—as little as one-tenth to one-fifth, with the range being
affected by whether or not fuel consumption attributed to a mission was considered
within the total cost estimate.

These earlier studies suffered from the difficulty of defining the cost elements
associated with each of the phases of the life cycle, and ascertaining whether these
co3t elements were consistent over time and whether all relevant cost elements .
were indeed included, their results further depended heavily on the datuy sources :
and assumptions they employed. For instance, hourly labor rates used to estimate
base and depot labor costs will vary markedly, depending on the extent to which
the direct labor cost is burdened by applying appropriate overhead charges. Many
studies have omitted significant portions of the direct labor-hour cost burden. An-
other difficulty lies in assuming that cross-sectional onerating and support costs are .
average costs sustained over the entire life cycle. The cross-sectiun is likely to have S
been taken either during the steady state of a mature engine or during its imma- '
ture dynamic state; since neither state is “average,” a cross-section can seriously
distort the estimate either up or down. E

Previous studies have estimated engine ownership costs in a range of $20 to -
$200 per engine flying hour. Recent data obtained for this study indicate that costs
can be several times higher (even after adjusting for inflation) for the newer,
high-technology engines for comparable mission objectives. It is possible that some
previous cost figures were valid for earlier weapon systems at specific points in
time, but current systems are tending toward considerably high:r average operat- :
ing and support costs, and future systems threaten to be even more costly if no "

et R SO

3 Studies by ARINC, LMI, JLC Panel, NASA, GAOQ, SAB, and most recently, PMR/RQUSAF, present ;
some data but no cost-estimating methodology. The PMR study provides brief summaries of most of the i
other major studiea. (See Refs. 2-8)
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actions are taken to change the direction of this trend. Relying on older engine
stuady-state costs to directly reflect new engine average costs over a 15-year time-
span can seriously underestimate future costs.

OUTLINE OF THE STUDY

This study examines the magnitudes, proportions, and trends of costs for ac-
quiring and owning a new aircraft turbine engine and highlights the parameters
driving these costs for the benefits sought. It provides an overall life-cycle method-
ology that incorporates the effect of state-of-the-art advancea required for new
engines. Chapter 2 discusses the objactives, definitions, and data requirements for
life~cycle analysis. Chapter 3 presents the results of the life-cycle analysis for mili-
tary engines. Chaptar 4 discusses applicable commercial experience. Conclusions
and recommendations are presented in Chap. 5.
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Chapter 2
LIFE-CYCLE ANALYSIS

The lite-cyele analysis of 4 new weapon avstem must be based on an understand.
ing of all phases of the life-cycle process, both separately and as they intevact. They
include concept formulation, validation, development, procurement, deployment,
operational use, and disposal. The life-cycle process extends over two to three
decades, depending upon the quality originally sought and the quality obtained, the
length of time spent in each phase, and the importance of the system in the invento-
ry. The creation of'a weapon system involves many organizations within the Gov-
ernment, military service, and private industry. While lite<cvele analysis wast be
sensitive to institutional practices, the central coneern of this study is te develop
a methodology that can be applied to benefit ‘cost tradeotts.

DEFINITIONS AND QUANTITATIVE MEASUREMENT OF
BENEFITS AND COSTS

It iz often extremely difficult to evaluate quantitatively the benefits to be pained
from a new weapon system. For example, the new system may incorporate a
technical characteristic that appears to provide a marginal improvement at best
over a previous system, but in reality creates a sigoiticant combat advantage-- buat
how is that advantage to be measured? In the commercial arena, the bottom line
iz profit carned for the service provided (where satety is one implied part ot ser-
vice), but it is far from easy to assign a dollar-equivalent to the benefits a weapon
system produces in a wartime environment. In attempting benefit and cost assess-
ments for engines, it must also be recognized that analyvsis at the subsystem level
must ultimately be related back to the system: engine output must be measured in
terms of its contribution to the weapon aystem. The true measures are the engine's
impact on weapon-system availubility and utilization, mission reliability, ettective-
ness, mobility, und inventory life. Such measures are bevond the scope of this study,
which confines its measure of output to the subsystem level, It is the task of the
wenpon-systems planner to transform the output measures dealt with in this study
into the ultimate value of the system; the methodology presented here should
enable him to do so with more confidence than has heretofore been possible.

DEFINING BENEFIT MEASURES FOR AIRCRAFT TURBINE
ENGINES

The aireraft turbine engine has been chavacterized as o of the highly signiti-
cant inventions of the twentieth century. Cortainly, no one can deny the tremen-
dous importance of the changes its military and commercial applications have
wrought on our history and the way we live. But in this era evervthing comes with
a price-tag. It has been said, somewhat wrily, that the only trouble with a turbine
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sngine is that it weighs something. it gulps fuel, it tukes up spuce, it creates drag,
' und it breaks now and then. Like all other inventions, it has its benefits, and it has
its costs,

Bencfit measures for an engine hinge on i design, hov: it is used, and how it
1 affects weapon-system quality.

Quality is an extremely complex measure that defies ubsolute quantification in
a military context. For an engine, it embraces the sum of the ~haracteristics it is
to contribute to a new weapon system iperformance, durability, reliability, man-
tainabiiity, safety), just as life-cvcle cost is the sum of all cost elements, However,
: military quality is partly a subjective matter, more difficult to assess than cost. How
’ much is an extra 50 miles per hour worth to a fighter aircratt? What is it worth

to have the aircraft available more frequently? In the weapon system context, it
is possibhle—and necessary—to arrive at rational dollar figures for the onswers, but
subjective judgment will always enter the caleulstions.

In a life-cycle analysis, we seek to clarify, at least in part, the tradeofts among
product quality, schedule, and total cost. When one characteristic of an engine is
changed, other characteristics are affected. Sinee guality is a combination of many
tiangs, it is not certain that an improvement in one characteristiv of quality neces-
sartly leads to an overall improvement in quality for the end use desired. For
instance, if performance is increased to the detriment of reliability, it is not clear
that overall quality is improved. In this study, quality is considered closeiy synony-
mous with performance in a military context, and engine performance character-
istics are related to the state of the art to assess their schedule and cost impacts
in selecting a new engine.

For military systems, quality has primarily meant performance, with other
characteristics considered secondary. The goal commonly has been = abtain thrust
at a minimum fuel consumption, weight. and installed volume, but other character-
istics should be considered. (Commercial practice emphasizes satety, relinbility,
and cost.) Durability and reliability are so closely related that they are somewhat
ditficult to disting aish; but durability can be related to design life, the engine's
continuing ability to perform the mission in the aircraft during its inventory life-
time. This may entail censideration of several system output measures: flying
hours, sorties, takeoffs and landings engine cycles (throttle movement), and calen-
dar time. Reliability can be expressed as the ergine's ability to be ready te go on _

: any giveu mission and to perform it successfuily. Measures of interest are ensine i
removai rates, miusion aborts, ana ti.ne between scheduled base maintenance and
depot ropair visits. Maintainability is the ease witih which the aireraft/engine
combination can be maintained ‘n the ficld. Sufety can include design features that
may appear to detract fron. pertformance—for example, desisning engine casings
30 blades cannot go tarough them if they separate from the rotor. Such a feature
increases enyine weight but re-luces the chance of substautiai nirtrame damage.
‘nvironment ‘mpacts include noise and smoke. warch car be reduced at some
penaity to engine performance.

The most widely used output measure of ownership cost for a given engine is
cost per engine flving hour. In the future, however, other measures may become
more relevant. With the adve... of the high cost of fuel, lying training may be
accomplished in fewer flying hours. But pilots can make fuller use of these flyin-
hours so as not to cut down on cricical portions of their training. Thus. in the future,
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fiving hours may cecresse. but not the number of sortiea, takeottic and landings, and
engine cyeles; if so, coat per fiving hout may not be an appropriate measure. The
cost of maintaining the engine inventory may not decrease even though there is
a decrease in flying hours and fuel cosat. This is especiolly trae it maintenance s
staffed to handle peak workloxgs in wartime. Another measure ia calendar time.
The longer an engine is out in the fieskkwithout major depot rework, the more
oppartunity it has to underyo corrosive and seco v datgge. When it does finally
return to the depot, the damage may be more oansi\'\\\ﬂuwm be expected on

thie basis of fving hours alone. \
Although this study will primarily use engine performance chavacterintis to

relice to state-of-the-art and life-cycle costs, and the engine fiving hour as an output
measuve tor ownership costs, future data coliection etforts should encempase other
benefit measures—riotably, sorties, takeoils and landings, engine throttle excu-
stons, and calendur time,

DEFINING LIFE-CYCLE COST ELEMENTS!

The life-cvele cost of an aireraft turbine engine ix the sum of all elements of
acquisition and ownership costs. To enable effective tradeotl’ decisions, dotailed
definitions of those elements are necessary, particularly in terms of what belongs
under acquisition cost and what bolongs under ownership cost. Table 2.1 lists those
clements as they are ured in this study. There are three columns in the table: (D
engine acquisition costs, comprizing the RDT&E and procurement portions of’ the
acquinition phase involving design, development, teat, manufacture, and delivery
to the field: (2) engine ownership costs, comprising operating and suppe * nunte:
naace costa for all base and depot activities; and (3) weapon-system-relats  costs for
fuel and or atwrition due to acvidents and catastrophic failuves,

Certain cost elements appear nnder both “acquisition” snd “ownership” as, for
instance, ECP/mod ‘retrofit costs. In one gituation, they can be in the "acquixition™
column because they ave associated with enhancement of performance or a change
in requirement that should be attributed to acquisition. In another situation, they
can be associnteu with changes for correction of a deficiency and improvement ot
veliability and thues are attributable to ownership. Other coats appearving in both
columas itnclude AGE (common and peculiar), transportation, management, and
training. These cost elements are not usually large in either acquisition or owner-
ship (onthejob training is significant, but difficult to separate trom all ather
maintenance labor coats at the buse or depot; also, initial recruitment training is
not connidered here). Facilities are usually a one-time expenditure and vary widely
from program to program. They are included in the definition, but will not be
congidered further in this study. With the increasing complexity of new weapon
systems, peculiar support equipment may become increadingly costly, particularly
if it ia considered to include software desigt and develenment as well as hardware,
and if simulators and dingnostic svsatems are regarded as support equipment. Thia

' i thia study, all costs are exprossed in conatant dollare Discounting may chinge some ot thae
findings presented in Chap. 3, depending on the diatribution of vost outlays over the time hovigon of’
intervat and the discount rate assuined.
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CrassiMcaTion orF LirkCyelk Costs

Woapon-
Coet Element Acquisition  Ownership  System-Related
RDTAR X
Fiight test X
Tooling X
Proc. of insiall eygine hY
Qe X
Spare engine N
Spare parts (base/depot) X
Depot labor X
Base labor X
ECPa—muod/retro. N X
AGR (peculine/commaon) X \
Transportation X X
Management X X
Facilities X X
Training X hY
Sngine attrition X
Fuel X

should be considered in tuture systems, particularly it engine health monitoving
becomas an increasingly important factor in the design of new sngines.

angine attrition and tuel ave classitied as wenpon-system-related because these
cost elements depend primarily on the design and use ot the particular weapon
syaten, (Feel consumption isa tunction not only of engrine design but also of mission
use; attrition rates depend on single-engine versus multi-engine application as well
a8 other teatures)

AIRCRAFT TURBINE ENGINE DATA®

Researchers attempting o lifecyele study of a weapon svstem constantly run
up aguinst the same obstacle: obtaining all the relevant data required. The problem
is much like teving to put together o jigsaw puzzie when some of the pieces are
missing and other pieces seem to have wandered in from another ximilar puzzle.
Not only must the researcher comb through a large number of data systems, but
there is the additional problem of inconaistency of data sources-—two different data
systems not agreeing when both supposedly use the same data trom the ume basic
source.

The duta most readily available for ownership costestimating in this study
have been aggregated, heterogencous, and cross-sectional, that is, gross, weapon-
avstem-level or engine-fumily cost totals tor only a few fiacal years and sometitnes
inconsistently detined acroas those years. A sound hite-cyele analysis requires disag-

" This s perhaps going to be chatged i the near future with several data systems tortheomang at
OSD and Hyg USAF that may save costa over a long period of time. VAMOSC (Viathahity and Manage
ment of Operating and Support Costa, OST L& LY and OSCR (Operating and Support Cost Reporting,
AFAC are now being implemented. These svatema could eventually alse provide the kind ot data needed
at the subsyatem component level,
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gregated, homogeneous, longitudinal data, cost data brokon down below wear
system level, into consistently defined categories, and avirhible over a considerabie
period of time, preferably at least ten years, In general, An “oree praciice is 1o save
costs for abont three to four years.®

For cngines, the contractor is the best source ot RDT&E CEP and pocurenent
data, since he is in the best position to break out the detailed cost ertne ts tor caciy
portion of th- costs associated with a particular contract, und he saves coscdata tor
many vears. These data are valuable to him fer analvzing new engine progprams,
whereas the military services, because specific contracts iay cover a multitude of’
items procurad by a lump-sum cost, are hard pressed to attempt a detailed breakout
of costs long atter the fact. For instance, a given Alr Foree contract may include
nat only the procuremeat of whole engines, but some allotment to spare parts,
management data, held support, and so torth.

The only source of all relevant ownership data is the using military service, It
ts eritivanly important to obtain all velevant costs in a partoalar acea, For ivstat e,
depot costs are a large expense tor engines. The total depot cost includes not only
overhaul of whole engines, but also repair of reparable parts tor whole-cngine
overhaal, the enst of expendable parts, modifications, and the repair of components
received directly from the field and returned to the field. Some of these costs have
not been inciuded in previous studies attempting to obtain totai depot costs.

The operating base has similar data problems. This is one avea in which specitie
weapon system costs are significantly lacking. To obtain cost elements at the base,
tor example, the Resource Management System (RMS) is useiul for costs associated
with specific base cost centers. This system will provide the cost associated with
operating the engine shop. Several diticultiea hamper the collection of engine
related base costs: The engine shop is not the only source of labor related to engrines;
costs associated with the engine shop involve tixing all of the engines on o base, not
merel s the engine type of interest; and costs are not separated by weapon system.
The analvst terefore must exercise care in obtaining the correct costs properly
allocated, or apply some estimation technigue that includes allocation.

T 8ee App B tor additonal backup matenal
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CHAPTER 3

MILITARY AIRCRAFT TURBINE ENGINE LIFE-CYCLE
ANALYSIS

g This study has a twotold objective: to develop a methodology for assessing
fite-evele benefits and vosts tor military aireraft turbine engines, and to apply that
methodology to policy considerations in the development, procurement, and owner-
ship of engines. This chapter focuses on the development of that @t odesopy and
preseuts applications of'it, Development, procurement, and ownership are exploved
at the engine subsvstem level. The chapter analyzes data available tor cach phase
Mrhe lite evele and develops models tollowing the theoretical torme aliations o Chap.
2 To satisty these objectives, the chapter examines engine benefits and costs in
detatl to reveal magnitudes and proportions of lite-exvele cost and identity trends
and impuortant variables,
Toward those ends, this chapten

:
}
L
;
¢

e Presents womethodology tor measuring military crgine quality by velating
Jdesived performance characteristics to time, specifically to the 150-hour
Mode!l Qualitication Test (MQT) date, to obtain a Time-of=Arrvival (TON)
trend tor engines|12);

o Reviews the apnlication of this methodology to estimating development
and procurement costs and trading off pertormance schedule cost in the
military acquisition process| 1]; and

+  Considers this same approach tor ‘nvestipating and improving ownership
cost-estimation; ownership and acquisition can then be combined into an
averall hitecyele perspective,

With such a perspective, the early planner can have i new ability to answer
questions about tradeotts between benetits and acquisition and ownerstup costs
during the conceptual phase. For instance, can the eftect ot pushing the state o the
art be measured in terms of overall pertormance schedule cost implications? Will
pushing the state of the art increase component improven.om costs? Will engine
overhaul in the depot cost more? Will it cost more to maintain a more complex
engine 0 the field? The TOA approach is used below to address such questions,

TIME OFf ARRIVAL—A PROXY FOR TECHNOLOGY

Because technology is not divectly measurable, a substitute weasure has been
sought. Such a measure must be associated with veallite applications, tor technol-
ogy cannot be considered an end in inselt. Technology trends may then be tracked ;
by recording the values of the measure in different applicauons at ditterent times,

A previous Rand study related the date of' an engine’s successtul MQT to certain -
technical advances that military users had sought over time'. Later work velated .

' See Ret' 120 Other studies of technology trending include Rets 130 14, and 13
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this moeastire of stateotthe-art trending to ongine acquisition conts] T Thin area
will be discussed in more detail shovtly, The present study uses the siane approach
to extond the analyais to the ontive lite eyvelo,

The proxy used tor state-of theart advance in this study s the time ot arrival
CTOA) of u particuine et of aireraft turbine engine charactoristios at the 150 hour
MQT date. A multiple rogression tochnique was taed to abtain the equation that
prodicta the TOA of the 150-hous MQT: the varinhles wore thrast, weight, turbine
inlet temporature, spocitic thel consumption, and a prossure teem that is the prod
uet of the pressure vatio and the maximum dynamic proasure of the enpine’s
operating onvelope all of thomy important performance measures. The initial
offorta in obtaining a tread for military Cgines concontratoed on portornuines sinee
these mensures were most readily available and the militaey process has boen
ossentiliy porformanceoriented. Many additional virdables were eximmimed but
did not add simificantly to the qualdity of the model.

The data base for the model conaisted of 26 turbojet and turbotin onpines
spanning a 30-vear time poriod of aiverafl turbine engine history, Some of’ the
tochnologieal highlights of this time poriod are shown in Table 3.0 Although spo-
radic surges of technological ndvance have recurred, the overall trond has boen one
of’ steady ovolution.? "Time can thoretore be used as i proxy tor evolutionary teei
nology when evalunting portormance schodule coxt tradeofis in the selection of n
new engitee,

The 26 engrines assaviated with the data base arve shown ustorically in "Table
A2 the detailed data appoar in Table 3.0 The vesults of the TOA model are por
trayed in Figo 3.8 which preaonts the model graphacally. The 26 TOAS are plotted
by the namber of quarters et vears from an arbiteary ovigin, Octobor 1842, when
the tirst U S, turbojet-powered siveratt flow . The equation in digplayod in the tigure.

The sttistical quadition of the model e very good, us is shown by the R® and
standard error; the B and t teats tor the maodel and cootlicionia were also extromely
significant. Porhaps most important, all the vaviables have ontered into the vela
tionship in a manaor consonant with theeretical considerations and eperationanl
oxXpotience,

TOA ixa function of the technological clurnctoristies of turbine engines. The
s of the coofficionts in the TOA equations are consistent with intutive notiona
of what conatitutes more technologically advanced achiovement with time: positive
cooflicients on vavinbloes {or which larger values ave more ditficult 1o achiove, and
negitive coetticionta on variubios tor wiich smndlor values nie more dithieult to
achivve, For example, as tochnology advances one would expect both pressure and
turbine tempernture 1o incrouse, and they huve positive cootlicients in the equation
One would expoet weight and specitic tuel constiimption to docrease, und hath have
nepttive cooflicionta, The positive vootliciant for the st indicates that, otvvhe aver-
wte, the phvaical size of ongines has grown over the SO-vaur history. Engines have
cansiderably lorgor thraat toduy than they had 20 to 30 years o, Figure 31 plots
the Time of Arvival, TOAZE, on the ordinate wgainst the actual time of aevival on
the abacisan for the 36 dotn points. The 408-degree line can then be visualized aen
wmeanure of the state of the art, An engine calenhdod to arvive ona cortain date that
doea indead arvive on that date thlls on the 48degree line. Data poinia talling above
the A8-degree line represont advancod ongines in the sense thnt they woere ealeulit

* Far more diseussion, see Rot 12, pp 111D

it o oo iae s

oS aaa




XTI I Syt e g e aer e e - sl
+

O O T Sy Te TR

asnoydunsom
Kauyiym % 1r81g fauriym 3 1eld Aauym ¥ neyd
funuoo4] SurwodAr] Buimoo £y asnoyBunsa g
Lauim % vld fouym » nelg ORI [EIBUD I3 RIAUD AHRDIY [eadUdnH Asuyyy, ¥ 1wy
JuruodAT] 3unuodA] 13 ppiysae g plrigoare g dURIH RIUID
AN[H [eIRUID I3 [EIBUID  IYAUM $S1IND IyBup ss1Iny IYBUM es1IND pPryaare
113180 1191180 [zlreliletilers ) [Ryuaunuc) [e1uauIuo) 1B WM
reluauruo) [iuauijuo) Bursog Sureog Bursog Aureog amoyBunsay
uosIy uosiIvy uosiy uostry uosiiy uony AIF (viuan
saredwo)
Areyrw 98 pasueape
s Juimiodaq sjuawt
-annbazx pue 480
-[ouyR) [RIIIPWOD
ainjeiaduia) auiqiny
jusmdopasp jo ugjoqany Ieydiy APziepop
uoneonysiydos ERwWwo) Iossaadwod duosuel]y,
BSuiseasouy Anpqeanp
sjuawaaoidun suawasozdun [ Bnpqeney
uoneidayut jusuodwo) [euayewt Loqeiadrs
[Anpgqnedwo) pur wnue)L g, saudua $19278 [BUOIIUIAUOCD
sfeLjeW arsodwio) uisap andodijay [ewig 10j01 renp ‘olyma Auewud spaays
P 10701 joods-¢ yBramydiy ugjoqiny daosqng amssoad soydyy  smymsadwar-gliry
- sanbruyaay Buroo) iy dowadns Jo asn payrwr]
sanbruyse) Buijoo) speuAewl  je{ogin) MerdIuWIwo) pauteysng 2218 [3uonuAA -
s[elIaBul Kojjesadng -u0d ‘wImnuiume uoisstu quiod
armjeradvaan-ydry aulqin) sauiBua wnunune adejdaz ‘P2 U ufisep-auig
amjeradwia-ydy  uolsstu jurod 1yBremyd| [rewg 03 suaq mniueyL],
souruLao)iad udisepumpN afzzou 10ms22duwIod erxe
juauodwod ydy (easwmwod pue € Youy si0yes uonrsod-om g, 0} reSnuua)
Areyjac) usjoqim ugjoqIm 3jqELIRA “‘Oljex
IyBrom/ysnuy) ydyg ssedAq-ydry swosiadng auiqang} pajoo) aanssaad ySry uonBuIWANyY ISTuyy pasealdou]
juswdojeaa(q SuusauBuy ut spual],
ugjoqim ugjoqimy ugsoqiny yeqeoqIny yeyroqin) eloqur, jaloqmg,
‘3yeysoqim ‘yeyroqany ‘3Jeysoqany /doadoqany /doadoqany
/do.doqim jdoadoqumy [doadogqam ‘yefloqang, ‘yloqans,
‘4efoqung foqany, ‘yefoqany,
sad], suduyg
S0L61 Aped (weujary ) %0961 Ap*g %0561 2197 (38 usasoyy) 0¥61 1] (11 AM)
%0961 3397 %6361 Apeg 0¥61 Apvd

SLNIWJOTIAZ(] ANIONY INIGEN], LIVHDUIY 4O SISJONAS

1'¢ 2qeL

et

i il




14

Table 3.2

DaTES OF DEVELOPMENT INITIATION FOR THE
AIRCRAFT TURBINE ENGINE DATA Bask

Early Late Early Late Early Late
1940s 19408 1950s 19508 1960s 1960s
J30OW J40 W 352 PW JH8 PW TF34 GE
J31 GE J42 PW J65 CW J60 PW TF39 GE
J33GE/A  J46W J69 C J85 GE TF41 A E |
) J3i W J47 GE 475 PW TF30 PW C
i J35 GE/A J48 PW 479 GE TF33 PW 5
' J57 PW
J11 A ;
J73 GE
NOTE: W = Westinghouse; GE = General Electric; A = Allison; PW = F
Pratt & Whitney; C = Continental; CW = Curtiss Wright. i
Table 3.3
TecuNICAL DatA FOrR U.S. MILITARY AIRCRAFT TURBINE ENGINES
Turbine Specific k
; Inlet Thrust Pressure Fuel Max. ]
£ Temp. Max. Weight 'I‘ené\ Consumption Mach  Dia. Length MQT .
Engine (°R) (Ib) (Ib)  (Ib/ft)  (lb/hr/ib) No. (in.) (in.) (gtr) 3
J30 1830 1560 656 1575 1.17 0.9 19.0 94 17
J31 1930 1600 850 1710 1.26 0.9 41.5 72 11
J33 1960 3825 1875 3400 1.22 1.0 50.5 103 19
J34 1896 3250 1200 3400 1.06 1.0 27.0 120 27 |
J3as 2010 4000 2300 3400 1.08 1.0 40.0 168 21 ‘}
J40 1985 10900 35680 5760 1.08 1.8 41.0 287 45 K
J42 1825 5000 1729 3640 1.25 1.0 49.5 103 20 :
J46 1985 6100 1863 6625 1.01 1.8 29.0 192 44 ;
J47 2060 41850 2475 5375 1.10 1.0 37.0 144 26
J48 2030 6260 2040 4880 1.14 1.0 50.0 107 33
Jb62 2060 8500 2050 12840 0.82 1.8 31.6 150 74
Jb7 2060 10000 4160 11400 0.80 14 41.0 158 41 ;
J58 (e} (a) (a) (a) (a) (a) (a) (a) BT ]
J60 2060 3000 460 10360 0.96 1.0 24.0 80 71 %
J65 2030 7220 2816 8500 0.92 1.8 38.0 127 46 3
J69 19856 920 333 3400 1.12 1.0 22.0 44 56
JNn 2160 9570 4090 11000 0.88 1.5 40.0 1956 47
J73 2060 8920 3826 8750 0.92 1.9 37.0 147 49
J76 2060 23500 69560 16724 0.80 2.0 43.0 269 59
J79 2160 15000 32256 18066 0.87 2.0 37.6 208 657
J8b6 2100 3860 570 10360 1.03 2.0 20.0 109 74
TF30 (a) (2) 1a) (a) (a) (a) (a) (a) 92
) TI'33 2060 17000 3900 19240 0.62 1.0 53.0 136 71
3 TF34 (a) (a) (a) (a) (a) (a) (a) (a) 120
] TF39 (a) (a) (a) (v) (a) (a) (a) (n) 109 .
TF41 (a) (a) (a) (a) (a) (a) (a) (a) 107 :
ADeleted for security or proprietary reasons.
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Fig. 3.1—Military growth engine time of arrival

ed to arrive on a certain date and they arrived carlier. They were ahead of schedule
or were advanced. Conversely, engines below the 48-degree line would he consid-
ered conservative, The standurd ervor is shown by the dashed lines.

Many engines have both afterburning and non-afterburning models. The data
utilized to obtain the TOA model represent "primary” engines in the sense that
cach is used only once, according to its first MQT; no produet improvement models
are included in the figure. The model that first pussed an MQ'( is the one selected
for use in the TOA equation. If the MQT engine had no afterburner but subsequent
models did. as in the case of the J57, the non-afterburning version was used.
Similarly. if the MQT engine had an afterburner and subsequent models did not—
the TF30, for example—the afterburning version was used.

The model and its statistical properties are summarized in Table 3.4; the table
alse includes an example of the application of the equation to the J79 engine. The

J79 represents approximately the middle of the 30-year trend. The contribution of’

each variable to the calculation is shown. The result indicates thut the J79 was
significantly advanced when it passed its MQT. Also shuwn are elasticities for the
variables (or the eftect that & percentage change in the independent variable will
have on a percentage change of the dependent variable). The predominant variable
in the calculation is turbine inlet temperature, which is exiemely impertant in
turbine engine technology. Higher temperatures allow the engine designer much

movie flexibility to trade off design and performance characte” “es in terms of’

thrust, SFC, and physical size of the engine, which affects weq, e advanee in
temperature lso implies that materials and design techniques such as combustor
and turbine cooling are improving, so that the desiym can handle the higher temper-
ature. The other variables, while highly significant statisticatly and important in
an engine design, contribute less in the TOA equation. SFC appears to have the
least impact, although us SFC contiuues to decrease, its effect could become signifi-
cantly larger.
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Tuble 3.4

AIRCRAFT TURBINE ENGINE TIME-ORARRIVAL
(TOA) Equatton

TOA26 = -856.4 + 110,10 In TEMP + 11,41 {n TOTPRS - 26.08 In WGT
(5.8) (3.1) (.1

= 16.02 in SFCMIL + 18.37 In THRMAX
(2.8) (2.8)

rR2=0.96
SE=4)
¥ = 92(5,20)

Example: J79 Engine

Variable Value Calculation® Elasticity
Constant ~8b6R 4 ~-856.4 -
TEMP 2160 +846.3 +1.6
TOTPRS 18066 +111.8 +0.2
WGT 322b -210.7 -0.4
SFC 87 +2.1 -0.2
THRMAX 18000 +176.6 +0.3
TOA26 68.8

MQTQTR 67

*Equation coefficient multiplied by value uf variuble
(in appropriste form); e.g., for TEMP: 110.10!n 2160~
+845.3.

Of particular interest during warly planning at the conceptual phase would be
an engine falling outside the standard error on the high side, namely, a signiticantly
advanced engine in terms of the data base. Some duta peints do fall vutside the
standard error on the high side. such as the J79 example shown. An advanced
engine can be achieved, then, but the model suggests that it be mere difficult than
achieving an average engine. It ie to be expected that an advanced engine has a
higher exposure to performance shortfall and schedule slip and, a8 will be shewn
subsequently, will tend to be more expensive to develop and procure. There is also
some qualitutive evidence (but as vet insufficient quantitative datn) that such an
engine may be more susceptible to “teething” problems when introduced into
operational service. If an engine {ell within the standard error where two-thirds of
the data would be expected to fall, it would be difficult to say whether it was
significantly advanced or conservative. An engine outside the standard error on the
lower side would tend to be significantly conservative for the time that it did arrive.
But this is not to say that an existing engine (as shown in the figure) on the
conservative side was expected to arrive on that date. It may have slipped from a
schedule that was expected to produce an advanced engine or an engine within the
state of the art. (Planning information concerning when an engine was supposed
to puss its MQT was not available for moat older engines.) In fact, no engine
currently in the USAF inventory has started out to be deliberately conservative.
This may have implications for the overall trend today of desigming to cost. Most
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military engines in the inventory to date have been primarily performance-orient-
ed, with durability, reliability, maintainability, and cost considerations second. It
would be an innovation to design an engine to cost, with deliberately conservative
performance characteristics.

As will be shown in the cost analysis to toliow, the development of engines
beyond the MQT after they enter operational service is often more costly than the
entire development program up to the MQT. As an illustration of the application
of the TOA technique, an analysis was made of the additional technological growth
of 13 engines after their original MQT. It would be expected intuitively that the
growth version of an engine already in production would have limited design
flexibility, because many of its features are constrained by the existing hardware
and production capabilities. Hence, technology improvement for updated engines
should be slower than that for new engines. This expectation is borne out by Fig.
3.2, portraying post-MQT technology growth for 13 engines. The left-hand point of’
each pair of points is the TOA of the original MQT engine, and the right-hand point
is the TOA of the moet improved version. The conrecting line indicates the rate of
technological growth for each engine relative to the state of the art. All engines
showed growth curves of less than 45 degrzes. A Rand study [16] has investigated,
to a limited degree. the type. amount. and met of technological change through
growth models of turbine enginec.
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Fig. 3.2—Military turbine eng:ne time of arrival

Application of TOA i ’

This TOA approach will be used to estimate, first, development and production
costs during acquisition, and later ownership costs, using two time measures along
with other parameters that are expected to be significant in the cost-estimating
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relationships (CERs). Figure 3.3 presents these terms. TOA is the time-of-arrival
level for a particular engine calculated from the equation and measured from the
origin. ATOA is the difference between the calculated TOA whenr an engine is
expected to pass its MQT and the actual or scheduled MQT meusured from the
45-degree trend line. Both of these terms will be used in attempting to improve the
CERs for engine acquisition.

o

|

|- /
atoa)

r TOA

Calculated time of arivol (TOA)

Actual (or scheduled) time of ertivel
of 150-he MQY dete

Fig. 3.3—Relationship between predicted time of
arrival and deviation from the trend

It must be emphasized that the TOA methodolugy does uot dire.tly measure
a trend of technology, per se, but a time trend of the parameters associated with
the sucvessful application of technology: the development, production, and use of
products to meet user demand. The methodology enables the user to discriminate
between performance measures that have unequal value for him. The following
assumptions and limitations apply to this methodology:

L.

The model implies steady, evolutionary development. Progiess made in a
time interval in the 1950s is equal, relatively, to progress made in a similar
time interval in the 1970s.

There is continuing support of the technology base. The exploratory and
advanced development programs and the IR&D effort are continuous and
ongoing. Operational experience and component improvements in exist-
ing hardware also provide information.

In predicting new engines, it is assumed that the future will behave simi-
larly to the past in the sense that the acquisition process will not vary
greatly, and that the values applied by the user will be fairly similar. Thus,
design-to-cost, as opposed to the current military philosophy of design-to-
performance, must still be evaluated cautiously in a military context.
However, combining military and commercial experience may yield new
insights concerning the value of characteristics other than performance in
attempting to obtain an overall trend of quality in an engine.

In predicting the future, it is important that the variables associated with
new products be a reasonable extension of the available data base vari-

PRTIPC
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ables. Near-term future predictions are therefore likely to be more valid
than fac-term predictions. The variables must certainly be internally con-
sistent with regard to thermodynamic cvcle characteristics for the design
being evaluated. A large increase in a single variable is thus precluded
from consideration for a new engine program. Steady improvement in all
variables has been the experience.

5. The data base is for all industry products, and the model reflects average
industry experience. Thus, the model may not totally reflect a particular
manufacturer, since there are leaders and followers in any industrial and
technological area.

There has been continual pressure to advance technology during the 30-year
period covered by the engine data used in this study, and continuous progress has
been achieved. These observations and supporting analysis [ 1,12] indicate that the
MQT date generally orders the level of technology of engines, and that TOA pro-
vides an ordinal prediction of an engine's level of technology. In this technological
sense, the measure is not cardinal because the differences cannot be dirvectly com-
pared.

The technology and cost models are of iuterest to planners and cost estimators
whether TOA is a cardinal or ordinal measure. Planners will use any available tool
to obtain the "best” solution for the decisions that confront them. Interest has been
focusc. on this issue because a cardinal measure of technology is intrinsically
desirable: Such a measure would provide a sounder theoretical busis tor cost esti-
mation than have the more “conventional™ approaches used in the past. Indeed,
some past efforts have been more concerned with variables that best explain the
data, with insuflicient regard for their theoretical appeal. The TOA measure seems
to be a more objective measure of technological state-of-the-art advance than has
been previously obtained and used in cost-estimating relationships, but TOA is not
a cardinal measure of technology. It is a proxy for technology. and it does attempt
to relate technology to time through user values of products obtained, and time is
therefor~ 4 in a cardinal sense in the cost-estimating models that tollow.

Data Anai -'s

Data were obtained and analyzed prior to development of CERs. Development
costs for 14 military turbojet and turbofan engine programs and procurement costs
for 18 such pro. ams were obtained and used to generate acquisition cost models
utilizing TOA and ATOA. Reference 1 contains a detailed discussion of the duta and
their treatm.  These data were obtained almost exclusively from contractors.
Ownership data, on the other hand (except for CIP), were obtained mainly from Air
Force organization:s. These data were severely limited as to quality and time-span,
limiting the mauilel results that could be obtained in the ownership area. Interesting
insights were obtained concerning magnitudes and proportions of costs for particu-

lar ownership expenses, and some model results are useful as crude estimates of’

costs. Ownership cost models will be addressed following discussion of the acquisi-
tion cost models.

Relating Time of Arrival to Acquisition Costs

The methodology involving u time of arrival for relating performance to devel-

AT,V
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opment sched::les has besn incorporated into cost-estimating relationships (CERs)
for the engine acquisiticn process. These CERa were developed for U.S. military
engine development and procurement costs.’ Homogenvous, disagurvguted cost
data were available from the engine contractors, spunning o 25-year period in some
cases, Without this type of data, meaningfu’ results could not linve been obtained,
The approuch employed here was to investigate variables conaidered important in
the development and procurement phases of a new engine. The variables included
measures of the quality of the product, the development time involved, the “tech.
nology™ ‘tim:2 of arrival) embodied in the product, and hov inuch additional "tech.
nology"” the program apparently requirad. Results of’ these CERa are shown in
Tables 3.8 and 3.6 for development to MQT and tor the thousandth production unit
selling price. Example calculutiona and elasticities for the J79 engine are alo
presented.

Tuble 3.5

Cosr Mookl ror DRVRLOPMENT 0 MQT
(In millions ot 1975 dollurs)

In DMQTC = ~1,3098 + 1,,08338 DEVTIME + 0.49630 in THEMAX
17.6) (1)

+ 0,04099 "TOAZ6 + 0.41363 In MACH
(4.9) (2.

R - 0.961
SE = 0,182
F = 55.7 (4.9)

Examiple: J79 Engine

Variable Value Calculation Elaaticity
Conatant -1.3008 -1.3098 -
DEVTIME 18 +1.53884 +1.6
THRMAX 15000 +4.77282 +0.0
NTOAQ6 11.8 +0. 48368 (X1 X)
MACH 2.0 +0.28674 +0.4
in DMQTC 5.76978

DMQTC 3320.0

Actual DMQTC KREN)

In the models studicd, the variables hnve entered with coefficienta that satisfy
theoretical considerations and/or actus! experience. The signa of the coefficienta
are in the right direction in terms of what an engine designer would expect concern-
ing changes in these variables and the resultant effect of such chenges on coat. In
the development cost model, for instance, development time entered positively,
indicating that the longer the program., the higher the coat. The implication here
is that continuously higherqualit products entkiling longer development times
have been desired over the 30-year trend. It must be noted, however, that a mini-

* For a more detailed diswsaion, see Rel® 1, pp. 2049
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Table 3.6
Cost MobpsL ror THousaNDTH PRUDUCTION

UNIt SELLING PricE
(In millions of 1875 dollars)

{n KPUSF = -8,2070 + 0.70532 In THRMAX + 0.00874 TOA26
(9.2) (2.8)

+0.45710 In MACH + 0.91804 2 TOA26
(2.6) (2.4)

R? = 0.051
SE = 0.215
F = 63.0 (4,13)

Example: J79 Engine
Variable Value Calcwiation Elasticity

Constant -8.2070 -8.2070 -
THRMAX 15000 6.78222 +0.7
TOA26 65.8 0.46371 +0.5
MACH 2.0 0.31684 +0.5
4TOA26 11.8 0.21287 +0.2
In KPUSP -0.43138

KPUSP 0.650

Actual KPUSP 0.631

mum development time on the order of four to five years for a new engine program
must be associated with this estimating relationship, since in the extreiwve this
relationship could resuit in zero development cost at zero time. It tukes scene
amount of time to develop a new engine, of course, however simple it may be: the
model therefore must use sorne minimum development time. The coefficients of the
other variables also accord with expectations. Thrust enters positively. The larger
the vngine, the higher the development cost. ATOA and Mach number enter posi-
tively; they relate to the state-of-the-art incroment to be obtained (or additional
time increment required beyond an “average” development—the program'’s tech-
nology “reach”) and complexity of the engine due to the environment in which the
engine has to operate.*

Fer J79 development costs, as shown in Table 3.5, the largest contributor is
thrust, with development time second. In terms of elasticity, it appears that devel-
opinent time is the mast significant for development cost. For the thousandth-unit
production cost model (Table 3.5). the largest contributor again is thrust. It also has
the highest elasticity for the J79 example shown. In both examples ATOA, although
making a fairly small contribution to total costs, significantly increases develop-
ment cost and production unit cost: by over 60 percent and over 20 perrent, respec-
tively. The development and production cost estima.es obtained with this approach
are very close to the actual data for the J79, as shown in Tables 3.5 and 3.6.

¢ See, .8, Rof. 17, where Mansfisld characterizes eiements of development as size and complexity
{thrust and Mach No.. the magnitude of advance (ATOA), the stock of knowledge (TOA), and the
dovelopmert time (DEVTIME), all of which showed up in modeis obtained. (TOA is not highly mignificant
in ot!ht; )miliu\ry development cost modal but was significant in a combined military and commercia}
model.




22

To calculate the cost of procuring a quantity of engines, it is necessary to
determine a progress curve slope for the particular engine program (or assume one
on the basis of a particular manufacturer’s experience) and then use @ procedure
for obtaining the total cost of the quantity desired, knowing a unit cost and slope.®

Tables 3.7 and 3.8 present models for progress slope and production quantity
cost. Several variables had to be introduced in developing the models. One was a
manufacturer’s dummy, which was necessary to adjust for the significantly difter-
ent accounting practices used by one of the manufacturers prior to 1971. Account-
ing practices must be understood so that all appropriate cost elements are ac-
cumulated and costs are on a comparable basis. Changing accounting practices
require that a detailed cost trail be maintained as the years go by so that the
equivalent cost elements can always be obtained from the data on an annual basis.

Table 3.7

CUMULATIVE AVERAGE PropucTioN Unir
PROGRESS SLOPE"

Slope = 0.85736 + MFRDUMD - 0.53243 KPRATE + 33.743 MQTY

(2.4) (2.7) (2.9)
- 0.07170 MVOLUME + 0.00106 TOA26
(2.1) (1.8)
R2 = 0.789
SE = 0,044

F = 90(512)

—

A A manufactuver’s estimated slope based on a particular engine
program is the preferrad alternative at present.

bCoemcienta for MFRDUM are not showi. because they do not
apply to new enginee. Significance lavels are shown to indicate the
importance of distinguishing bitween one particular manufacturer
and the other companies hiatorically.

The slope modsl, although quite interesting for the information it conveys, is
not of the quality of the development and production models; it is included here for
illustrative purposes only. It would have to be imnproved before it could be used
extensively. For the time being, the wisest course would te to select a progress slope
on the basis of a specific manufacturer’s experience and specific program informa-
tion.

As an alternative to using an assumed progress slope and the thousandth
production unit selling price, a model of production quantity cost was examined.
Several of the variables of interest were found to be significant in this model.

The model obtained for production quantity cost, as shown in Table 3.8, con-
tains TOA26 and ATOA”$ as well as the manufacturer’s dummy resulting from
differences in manufacturers’ accounting practices. The most significant variables,

* The procedure is well documented in the literature. See Ret’ 18 tor thv seminal work at Rand in
this field, and Ref. 1 tor application to engines.

D i e e el e e i s h AL etz S Py N = -

SNk




23

Table 3.8

CumuLaTIVE ProbuCTION QUANT:TY CosT MODEL
(In millions of 1975 dollars)

In PRQTYC - 7.8504 + 8697 in QTY + .82204 in THRMAX + MFRDUM

(45.0) (24.0) (6.0)
+.0158 A TOA26 + .34478 In MACH + .00277 TOA26
(6.0) (4.0) (2.4)
R2=0.97
SE = 0.214

F = 501.7 (6,81)

Example: J79 Engine

Variable Value Calculation Elasticity
Constant -7.8504 -7.8504 -
QTY 13000 8.2384 +0.9
THRMAX 156000 7.9046 +0.8
ATOA26 11.8 0.2192 +0.2
MACH 2.0 0.2898 +0.3
TOA26 68.8 0.1906 +0.2
in PRQTYC 8.9422

PRQTYC 7648.1

Average unit cost 0.588

however, in terms of entry into the model, contribution to the calculation, and
elasticity, are quantity and THRMAX. Certainly, quantity should be most signifi-
cant in this type of model and THRMAX, again, is a measure of the physical size
of the engine to be produced. The contribution of the manufacturer’s dummy is zero
for the GE engine. ATOA significantly increases the production quantity cost: about
25 percent for the hypothetical example shown.

In future research, the methodology could be expanded to encompass design
objectives other than performance for the military. This will be explored further
in Chap. 4, which discusses commercial experience in an effort to expand on the
quality of the engine in areas concerning durability, reliability, maintainability,
safety, and environmental impact. If all of the quality elements considered impor-
tant for engines could be more fully understood, the possible tradeoffs in the ncqui-
sition process, and between acquisition and ownership. could be addressed, at least
at the component level for aircrafl turbine engines.

It should be emphasized again that, in all the wnrk applying this approach to
estimating the state of the art for the acquisition of military engines and for
improving development and produ:tion coet estimates, not only were the CER
models statistically improved by using this methodology, but all the variables of
interest entered the models in a theoreticallv satisfying way. The app~oach may
have benefit in planners’ early attempts at broad tradrof’s among performance,
schedule, and cost. It could be used to measure the risk that an engine will not
achieve its MQT date, where risk includes tne possibilities of performunce short-
falls, schedule slip, and cost growth. This will be shown in the following example.
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A HYPOTHETICAL EXAMPLE OF PERFORMANCE/SCHEDULE/COST
TRADEOFFS IN THE ACQUISITION PROCKSS*

An example of the application of the TOA methodology to the acquis iion of a
new engine is presented here. The engine is an afterburning turbofan engine for
a new fighter aircraft. The data for this engine program were selected to represent
an advanced engine that would fall outside the standard error on the high side in
the TOA analysis--an engine significantly ahead of its time. Table 3.9 lists the
performance variables, planned development schedule, and production quantity.

Figure 3.4 depicts several definitions for schedules of interest to cur tradeoft’
analysis. The characteristics and schedule assumed for the new engine presented
in the table will result in a data point outside the standard error on the high side,
and thus in an engine advanced foi the time it is being sought, but other alterna-
tives are also possible.

Table 3.9

PERFORMANCE CHARACTERISTIUS AND SCHEDULE FOR A HYPOTHETICAL
NEW AFTERBURNING TURBOFAN ENGINE PROGRAM

Performance variables

Maximum thrust (SLS), b . . . . . .0 it i i i e e 24,000
Weight, b, . ... it i ittt tiii ittt ittt ittt arasen 8,000
Turbine inlet temperature, "R . . ... ... ittt 2,900
Specific fuel consumption, tb/hrllb . .. ... oo i oo oo, 0.70
Preasure term, Ib/ft2. . . .. .. .. ... i s 72,000
Machnumber . . ... . it ittt ittt s e iee s 2.4
Planued development schedule and production quantity
15G-hr MQT date, quarterssince 1942 . . . .. . ... ... .. vv it v an 124
Development time from atart to MQT date, quarters . ............ 20
Quantity produced (including flight test andspares) . .. . . ... ...... 1,936
Manufacturer progressslopeassumed .. ... .... ..o e 0.90

The first development-schedule possibility of interest in the figure is the On
Time schedule: The engine is desired at an early date and is obtained on that date,
with the ATOA shown and the five-year development schedule. In the second
possibility shown, the development time slips almost to the On Trend line: The
engine was not ready on schedule. (The triangle formed by the ATOA, the develop-
ment time extension, ard the 45-degree line represents the area of tradeoff in terms
of performance and schedule, and these two parameters affect the likely acquisition
cost of the engine as reflected in the CERs. This triangle represents e performance/
schedule/cost tradeoff area.) A third approach to the development schedule is to
“schedule” the desired engine near the trend line (the 45-degree trend line) and
assume an average development time. Currently, an average engine takes about
five years to develop. Thus, for this example, one would wait about a year and a
half before starting the average engine program in order o obtain the stipulated
performance level close to the 45-degree line; the resulting program would, of
course, be able to use the extra time to incorporate the technology accumulated

¢ This example is patterned after one presented in Ref. 18, pp. 11-14.
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Fig. 3.4—Schedule definitions for tradeoff and visk analysis 3
during that period, assuming technology moves ahead in a steady evolutionary 3
manner through continuous support of the technology base. i
: The acquisition costs for 1) the advanced program obtained on time, 2) the ’
advanced program with a schedule slip, and 3) the average program scheduled to

be obtained near the *rend are compared in Table 3.10. For the advanced program
achieved on time as planned (col. 1), the development cost is estimated to he $428 :
million. The thousandth unit production cost is $1.38 million, with a progress Nope )
of 0.90, resulting in a cumulative production cost of' $2.841 billion and a total
acquisition cost of $3.269 billion. Had this program slipped to about the trend line
(col. 2), the development cost would have increased to $559 million. The production
unit cost would not have changed, because the slip would not have been known until
the program reached the point where it was su) posed to pass the 150-hour MQT
and then had difficulty making it. Thus, this production cost represents an engine
design configuration set some time previously, and the same production doilar coat
applies in both of these situations. The total acquisition vost comes to $3.400 billion.
The average program on trend (col. 3). with the five-year development time .
} planned, turns cut to have a lower development cost. $335 million, a lower thou-
sandth-unit cost, $1.24 million (because the developer waits and uses that time to
incorporate the technology learned during the interim period), and a lower cumula-
tive production cost. $2.885 billion." The total acquisition cost for the average i

ot S

' Implicit in this wnalysis is the assumption already noted that technology-base programs are pro-
ding steadily and that improvementa are continuously available over time tor both development and
production phases of the program.

.
.
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Table 3.10

Acuisirion Cosrs poi ‘THers Posstiee OUPTCOMES oF The
Huvornencat KNGIne PROGRAR
I millions of 19756 dolars)

(1) (2) ub}
Advanced Advancoed Program Average
TOA, Time, Program Negr Trond Program
and Coat BStemonts On Time (6 Quarter Sliph Oa Trend
TOA2G, quartors IR 1312 1Ly
MQT date, quariers 124.0 1300 [IR11XY
. NTOA LG, quarters 7.2 1 1.2
Development time, gunttors 20,0 26.0 20,0
Dovelopmont cost 128 664 ERRI
Production cost
; 1000th unit $18 $1K $1.24
i Slope 0,90 0.90 0.0
‘ Cumudative productiot cost EREER [ 3 BB 20O
Total acquisition cost PRI $3400 FURRG
1
: program is about $L00 million loss than that of the advance progream obtained on
] time. The advanced srogram with a schedule shppage is the most expensive, of
COUrse,
> This example tocuses on the engine subsyatem. Not mentioned here, but cer- 1
E tainly ol great concarn to o weapon system planner, is what effect the engine has 3
on the entire weapon system; an engine schedule slip implios sigiticant cost growth ;
and schedule slip ef the entive weapon system —and o new engine is usualiy the :
pucing developmuent subsysteny in a new weapon system. On the other hand, an A
advanced engine may contribute considerably to ceducing the lite-cvele cost of the
entire weapon system through a reduction in airframe weight snd fuel consump
tion.
OWNERSHIP OF AIRCRAFT TURBINE ENGINES 4
14 3 {] N . . . i
I'he ownership ot an aiverafl turbine engine encompasses all of the operating 1
and support costs related to operating and maintaining the engine by and tor the !

benetit of the user. In this study, "benefits™ are expressed primarily in terms of the
cumulative engine flying hours for the engine quality obtained for w specitic wenpon
aystem, Ownership costs associated with those benefits include component improve-
ment programs (CIPs) velated to continuing the development of an engine after its
MQT: the spare engines required to support the installed inventory by keeping the
pipeline fitled during buse and depot repair; the engine labor and parts at the
operating base to keep the fleet flving: depot labor and purts for muintenanee
support to restore engines and reparable parts to flving status; all modificntion
labor and purts associated with parts changes duriug the course of an engine's
maturation and steady-state experience; ground support equipment wd tooling to
support the engine in the field and at the depot; treasportation costs for parts and

-
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engines shipped between bases and depots; management costs related to base and
depot; fucilities; and training. Engine attrition and fuel consumed ave also extreme-
Iy important, but in this study are considered weapon-system-related and must be
identitied separately. They are certainly ownership costs that should be considered
in any tradeofis. Base labor and parts, depot labor and parts, moditications, ground
support equipment, transportation, management, and training costs are considered
under the broader heading of engine maintenance and support costs. This study
concentrates on CIPs, base and depot maintenance and support, and spare engines
as the largest contributors to engine ownership costs. Transportation and manage-
ment costs are considered to be of secondary interest. Facilities ave not included
r here because they are considered program-specific.

This study is primarily concerned with variable life-cycle costs. In an economic
sense, all costs are considered variable in the long term. However, in cousidering
anew weapon system five to ten yvears into the future, certain costs are consideredd
fixed in this study. These costs are associated with ewning and opening bases or

{

L depot fucilities. Consequently, the variable portion of base operating support costs
L and depo* operating costs are addressed. Costs have been obtained trom varions
3 sources. Appendix B provides details on the data collected and analyzed.

: Component Improvement Programs

A CIP for an aircraft turbine engine provides funds for continuing development
and engineering support activities beyond the 150-hour MQT date. The intent is to
improve the product by correcting deficiencies revealed in operational experience,
improving relinbility throughout operational use, reducing costs for parts ond
repairs, and allowing the engine, through sustained engineering, to age gracefully
during its operational lifetinie. The development to MQT is intended to provide a
specific level of performance at a minimum acceptable level of endurance and
reliability to the user. Engines are designed with certain parts life, but only through
testing and use can this inherent durability be assessed and engine relinbility be
improved. It is said by engine designers that vou design an engine to durability 1
life) specifications, but you test to relinbility. At the MQT date, the engine is ‘
considered suituble for operational use and for fullscale production, but at this
point in time it is by no means a fully develosed product.

The CIP funds an engineer ng effort to correct deficiencies found through test-
ing and operating the engine in the field, to improve the reliability of the hacdware,
and to devise new repair techniques to aid base and depot maintenance. The effort
to correct deficiencies involves engine design changes, which are then tested to
verify that parts have been improved. Perhaps the original parts were breaking or
weanring to the extent that thev had to be replaced more often than was considered
normal or desirable, and the weapon sysiem therefore had a lower capability than
expected (because of downtime while engines were removed and replaced),

There is a distinction between service-revealed design deficiencies and low
reliability. Low reliability in an eagine may be tolerable so long as it does not
threaten imminent catascrophic tailure and does not cause o large loss in capability
Jor excessive maintenance costs. By contrast, some desipn deficiencies threaten -3
catastrophic failures and must be corrected immediately upon discovery. Mean-
while, the fleet must be grounded. That distinction must be kept in mind when one
is considering u design change for & particular part.
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CIP money is also used to reduce costs through improved parts design. Success-
ful redesign can reduce spare parts costs and production-unit cost for new engines
ordered, and reduce repair coste at the base and depot. CIP funds are also spent
on evaluating new repair procedures for base and depot as the hardware ages.

Becides these activities, it was common practice before 1969 to use part of the
CIP funds to enhance the performance of the engine or preparve it for a new
application. This practice is no longer allowed. Today, any funding required for
those purposes must be identified separately within the allowable budgetary -ate-
gory. Unfortunately for this analysis, ther, pre-1969 CIP data are not sufficiently
disaggregated to permit identification of the dollar amounts apportioned to the
multiple objectives of CIPs. We should remark in passing, however, that the bound-
ary line between parts improvement and parformance enhancement is often hazy
to begin with. Parts improvement can either improve engine durability/reliability
at the same performance level, or improve periormance at the same durability/
reliability level. The past military preference has been for performance improve-
ment—weapon systems can always use a little more performance.

In the present analysis, all CIP costs are included for all years and all sources.
They include U.S. and overseas allowances against sales (for instance, J79 foreign
sales also contribute a portion of the selling price to CIP funds). All CIP costs in turn
are included in this study’s analysis of total post-MQT development costs over the
past quarter century.

CIP Costs

What has been the magnitude of this CIP activity and how does it relate to
money spent for RDT&E? An analysis of eight major engine programs indizates
that more money has been spent on CIP after MQT than was spent to get to MQT.
The costs for RDT&E do not include engine-related costs associated with weapon-
system flight testing. The CIP costs reported here do include performance enhance-
ment and additional applications within specific engine programs so that the data
are consistently defined. The eight major engine programs that were investigated
were the J52, J57, J60, J75, J79, J85, TF30, and TF33.®

Figure 3.5 presents total development cost profiles over time for these eagine
programs, normalized to their cost and development time required to acl.‘eve MQT.
As can be seen, large expenditures are made for a considerable time after MQT. In
1975 dollars, these eight engine programs required $1.9 billion to achieve MQT.
They have required a total of $5 billion to date for total development, i.e., the
cotnbined MQT and CIP costs. These costs include the performance growth and
application enhancement funds, which are substantial in any program. It would be
useful in future analyses to attempt to separate the performance and application
monies from those for correction of deficiencies and reliability improvements for
data prior to 1969; a model might then be developed on the basis of the current
definition of CIP.

For most new engines over a 15-year life cycle, CIP costs will probably be
somewhere close to MQT costs, not including performance enhancement or new

* The TF34, TF?9, and TF41 were not c.nsidered in this analysis, because their introduction into
opzrational service has been more recent. 1 ney have on the average considerably less than ten yeurs
of operational experience.
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Fig. 3.5—Relative development costs before and after MQT
for selected aircraft turbine engines (Ref. 1)

applications. These CIP activities definitely should be identified separately, and CIP
considered a cost of ownership.

Cost Models for Total Development and Component
Improvement Programs

For use 1n this study, contractors have supplied the detaiied annual costs as-
sociated with individual engine CIPs. These costs were used to develop mode!s
relating the continuing CIP cosi to engine parameters of interest, so as to obtain
cost-estimating relationships (CERs).® Parameters expected to be significant or to
shed light on CIP costs have been investigated. They include variables related to
the physical size of the engine, the environment the engine is expected to operate
in, some measure of the operating time span that the engine has been out in the
field (related to its maturation), the quantity of the engine produced (which would
indicate the size and significance of the program and thus its expecteu level of
support and the importance of correcting engine problems), and the TOA and ATOA
terms relating to user preference.

Models were examined both for total development cost (which includes the
development cost to MQT plus al' the continuing costs after MQT), and for only
those continuing CIP costs after MQT. Table 3.11 presents the best model obtained
for total development; Table 3.12 presents the best CIP model. For tetal develop-
ment cost, the significant variables are the Mach number (the severity of the

* The data base used in this analysis is expanded from that in Ref, 1
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r2 = 0.88
SE = 0.29
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Table 3.11

Totar. DEvaLoPMENT CosT MobEL.
(In millions of 1975 dollaru)

in TDC = 097365 + 1.23809 In MACH + 0.07345 In QTY

(10.26) (6.75)
+ 0.40386 In THRMAX + 0.00918 "TOA26

(2.11)
R% = 0041
SE = 0.182

F=114.8 (4,29)
Example: J79 Engine

Variable Value Calculation Elasticity
Constant  0.97356 0.97365 -
MACH 2.2 0.97618 1.2
QTY 13000 0.69577 0.1
THRMAX 17900 3.95482 04
ATOA26 118 0.10832 0.1
in TDC 6.70864
TDC $819

NOTE: Thus, CIP = $819 - $320 = $499 million
for the J79 example. The actual value at that point
in the program was estimatad to be about $600 million,

Table 3.12
CoMPONENMT IMPROVEMENT FPROGRAM C0ST MODEL
(In millions of 1975 dollars)

79026 + 0.78862 In THRMAX + 0.04312 “TOA26 + 0.00722 QPSPAN
(9.1) (6.7) (2.5)

F = 60.5 (3,22)

Example: J79 Engine

Varieble Value Calculation Elasticity
Constant -2.79026 -2.790%26 —
THRMAX 17900 7.72261 0.8
ATOA26 11.8 0.50882 0.6
OPSPAN 80 0.57760 0.6
in CIP 6.01877
cip $411
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operating environment), the quantity of engines produced, maximum thrust (the
physical size of the engine), and ATOA (the increment of technological advance
sought) as obtained from the TOA methodology. The results for this model are very
good. (R?, standard error, and F tests, as well as the individual t statistics for the
coefficients in the equation, are highly significant.) The positive and negative signs
for the variables occurred as one would expect from theoretical and practical
experience, and the indications are that these parameters exert a meaningful effect
on costs.'® Table 3.11 uses the latest version of the J79 engine as an example. Total
program procurement is 13,000 engines. Thrust is the largest explanatory variable,
while Mach number has the largest elasticity. Again, the ATOA term significantly
affects cost; if it had been zero in this example, the cost estimate would have been
about 10 percent lower. It is clear that higher TOA and ATOA incur additional
develooment (and component improvement) costs. But such costs may be justifiable
if they benefit a weapon system by providing an engine that remains competitive
for decades, as the J79 does. This is a matter of judgmment concerning military value
versus the cost t¢ obtain it.

It is interesting that thrust has a similar elasticity for development and total
development., while the Mach number elasticity has tripled in total development
compared with development to MQT. A change in Mach number affects total devel-
opment cost more than it does development to MQT. One interpretation is that the
CIP is where the adverse effect of the environment (operational use) is really
beginning to show up, and that perhaps not as much money was spent on develop-
ment as was required to overcome these problems earlier. Mach number is paid for
in the continuing development effort. This might indicate that not as much was
spent as should have been in development to MQT for afterburning engines. Also,
additional Mach number is one of the performance characteristics that was im-
proved and paid for with those CIP funds prior to 1969.

An early planner could use these models to obtain a range of estimates of the
total development cost of a new engine program on the basis of these parameters.
The quantity term can also be viewed in the context of time, since it would be
associated with some production rate and introduction of the weapon system into
the force. Time was an important variable in the development to MQT model.

The model of component improvernent cost related cost to the thrust, ATOA,
and the operational span or time that the engine was in operational use. As seen
in Table 3.12, the statistics in this case were not as good as the total development
equation, particularly in terms of the standard error of the estimate, although
again the coefficients were significant. The two models allow alternative ways of
obtaining a CIP cost. Cost estimates obtained will differ on the basis of either
quantity of engines produced or operutional time span of the program. While the
cost estimates obtained for the J79 engine from the two approaches are not particu-
larly close, they do indicate a magnitude in excess of development to MQT cost,
which is itself an interesting finding.

Thus, CIP=819 -320 =499 million for the J79 example. The actual value at :
that point in the program was estimated to be about $600 million. |

R T A

' The costs include the performance improvement and additional applications obtained by « purticu.
Inr program over the vears. It was not possible to separate those costs from the data tor programs prior
to 1989, because data were collected then by function (engineering, test, et rather than by task
tdeficiency correction or engine growth). Thus, it was not possible in this study to obtain costs related
only to relinbility growth, for instance. It is hoped such data might be abtained in the future.
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Several other approaches for obtaining a CIP cost model were attempted. The
ratio of total development to MQT coats, and the ratio of CIP to MQT costs, were
investigated as well as a number of additional interesting variables. None of these
analyses provided a model as significant as the models shown. One of the variables
b of interest in one model of the ratio of CIP to MQT cost was the maximum time
between overhaul (MTBO) or the average time between overhaul (ATBO); each was
' used in the model (but not both at the same time) and entered significantly. This
‘ implies that the CIP cost ratio was related to improving time between overhaul for
engines; the more money spent in CIP, the higher the MTBO and/or ATBO. If these
CIP costs can be disaggregated with regard to the varying design objectives prior
to 1969, perhaps more information will be forthcoming in future work. This appears
to be a fruitful area for additional investigation, because not only is it necessary
to understand that more time and money are involved in the continuing develop-
ment process, but some estimate should be attempted to relate the benefit gained
to this CIP money. Questions abound. One particular question appears to be the
missing link, which must be addressed in future work: To what measured extent
do CIP expenditures lower ownership costs because of improvemente in reliability,
either at the base or at the depot? How much additional reliability can be pur-
chaszd for a certain amount of additional money in a specific engine program? How
much more time is needed to provide for feedback in the development process,
which weuld allow the introduction of engineering changes into the hardware to
make it more reliable in operational use? It should be kept in mind that product
improvement money related to increasing the time between visits of an engine to
& depot, or related to reducing the removal rate of an engine in the field, while it
could greatly reducc operating costs, could also greatly increase the availability of
the weapon system. Again, benefits as well as costs must be assessed.

T -

Depot Costs

The primary function of the USAF engine depot is to overhaul engines and
accessories to restore them to what is termed a “zero-time” status, allowing the
overhauled hardware to be flown again to the maximum time allowed by mainte- ]
nance policy decisions. The depot also conducts several other engine-related repair 3
activities. They include immediate correction of hardware deficiencies that are
causing safety-of-flight problems and could result in grounding of the fleet; minor
repairs of engines that do not need major repairs, but such repairs must be accom-
plished at a depot rather than a base; engine modifications to replace parts that o
have been obsoleted for deficiency or reliability reasons; repair of reparable parts '
and accessories removed from returned engines or sent in from the field; and
replacement of reparable parts and accessories that are condemned.!! For new
weapon systems entering the inventory, initial spares stockage costs must also be
accumulated. To understand the true cost of operating a depot, all of these activities
and their associated cost elements must be identified and accumulated.

The primary measure of benefit used in this study is the engine flying hour. In
examining the depot portion of an engine life cycle, there are two views of this
benefit for estimating costs at the depot: the engine flying hours consumed by the

'! System Suppe-t Stock Funds for expendable parts must also be included. either as a direct cost
or as an added charge to the direct labor-hour cost.
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aircraft fleet during operational activity, and the engine flying hours restored to
the fleet by the depot repair activity. Under steady-state conditions, it is expected
that fleet demand equals depot supply, so that consumed flying hours (demanded
by the user) would approximate restored flying hours (suppiied to the user from the
depot). In any given year, however, this is not necessarily the case. Heavy use could
result in more consumed than restored hours, or a large modification program
could result in more restored than consumed hours. Moreover, a new engine pro-
gram consumes more flying hours initially than depot activities restore, as flight
operations build up; and over the life cycle as a whole, flying hours consumed
exceed flying hours restored because obsolete engines are not repaired prior to
disposal. Thus, both flying-hour measures are of interest, particularly when data
are limited to anly one or two years of experience and such experience can fl.. .uate
widely from year to year in the depot. (See below, “"Total Depot Repair Costs.” and
see App. C for further backup material.)

An Engine Single-Overhaul Cost Model. The major depot cost is considered
to be the cost associated with the “zero-timing” process for an engine. In that
process, the engine is completely disassembled and the parts go off in various
directions to be reworked, modified, or condemned and replaced by new parts.
Then, as the “engine nameplate” moves down the depot floor, similar parts come
back togother and are reassembled. By the time the “nameplate™ gets to the end
of the line, the whole engine is rcassembled and is considered to be a zero-time
engine; that is, one capable of achieving the full maximum overhuul time allowed
for that engine before its next trip to the depot. Most. of the parts now making up
the engine were probably not in the engine when it arrived at the depot.

The cost associated with the whole-engine overhaul is the cost of labor and
parts, including the labor for whatever moditications are incorporated into the
engine while it is in the depot. The modification kit parts cost is not included; it is
a separate account provided as a “free good” to the depot or base, wherever the
modification is being accomplished. All of the parts, labor, and overhead, except
modification parts incorporated during an engine overhaul, are considered to be
within the current cost accounting system, which is the principal source of depot

overhaul cost+ " ‘iis stud* "® The cost of repairing the engine's reparable parts
ischarged ~ . :«rientag. ¢ .nelatest purchase price for that part. This percentage
is intended . *’'low some portion for condemnations, parts no longer considered
reparable.

Costs associated with zero-timing an engine in the depot have been obtained
from the HO36R data. Table 3.13 presents the engine single-overhaul cost in 1975
dollars for FY 1974 overhaul of engines by model. The table also presents estimates
of what the engine’s current production unit selling price (CPUSP) is or would have
been in 1975 dollars (a number of engines are no longer in production). Estimates
are on the basis of the last previously known sale and the inflation that has ensued
from that time, withsomecc  >hora:..  fthese costs from the manufacturers. The

'* This accounting system was initiated by Dol Instruction 7220.29, Uniform Depot Maintenance
Cost Acvounting and Production Reporting System, October 28, 1868. Data were obtained beginning in
1972, but not until 1974 were they considered of sufficient quality for analyxia. The data in this chapter
are for FY 1974. The DoD Instruction was recently superseded by Dol) Directive 7220.29, October 1975,
which now provides the guidance in accounting © ~ nnd reporting the coats of depot maintenance and
maintenance support. Because the first year cov v the Handbook will be FY 1977, data from this
new syatem will not be available for analysis - T8,
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Table 3.13

ENGINE OVERHAUL COST AS A PERCENTAGE OF ESTIMATED
CurrenT Probuction UmiT SELLING Price, FY 1974
(In 1975 dollars)

Overhaul
Cost/Engine
Quantity Overhaul Cost  CPUSP (est,) Procure 1ent
Engine Ovethauled ($ thousand) ($ thousand) Cost %)

J57-P-19/29 113 49.3 350 14
-21 167 57.2 400 14

-43 358 66.8 350 16
375-P-17 71 72.2 500 15
J79-GE-15 152 58.9 450 13
17 265 46.5 450 10
TF30-P-3 187 73.3 900 8
-100 18 165.7 1100 15
TF33-P-3 101 63.7 400 16
-1 207 71.0 400 18
TF39-GE-1 13 171.0 1000 17
TF41-A-1 115 72.6 550 13

table contains costs to overhaul an engine, the engine's current price, and overhaul
cost as a percentage of current price. It would appear that it costs in the range of
10 to 20 percent of an engine's current price to overhaul it.

A single-overhaul cost model was obtained for the data presented in Table 3.14.
The model is shown in Table 3.15. The o erhaul cost is related to the current
production unit selling price (CPUSP) of the engine and its physical size: the more
expensive the engine, the higher the overall cost, and the larger the e1.gine, the
higher the overhaul cost.'” Production learning and state-of-the-art effects are
included indirectly in that they affect CPUSP through the KPUSF model, progress
slope assumed, and quantity procured. The data used were for a very limited
cross-sectional sample—only one year of data for twelve engines, and one year does
not reflect depot learning. Longitudinal data and additional data points are needed
to improve the model. An example of the appiication of the model to the J79 is also
presented in the table, showing good agreement with J79 costs. The most important
contributor to the calculation is CPFUSP, which also has the highest elasticity.

Depot Repair Frequency. An aircraft turbine engine being a1 mechanical
device, its failure history can be expected to approximate a normal distribution:
fewer failures for a lower number of flying hoars, most failures at some average
value of flying hours, and again f: wer failvres at a higher accumulation of flying
hours for a given population of engines. This is portrayed in part (a) of Fig. 3.6,
which presents a normal distribution and accumulstion of the normal distribution
resulting in the classical Scurve. The flying hours obtained increase as the engine

'* Note that THRMIL rather than THRMAX was significant. Engineg, a8 a rule, are returned to the
depot without afterburners.
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Tabie 3 14

DATA FoR Drror SINGLE-OVERKRAUL CosT MobEL

{In 1975 dollars)

Single-
THRMIL CPUSP Overhaul Cost
(Ib) ($ thousand) ($ thousand)
10,5600 350 493
10,200 460 57.2
11,200 360 56.8
16,100 500 72.2
10,900 450 58,9
11,870 450 46.6
10,760 900 73.3
14,560 1100 1656.7
17,000 400 63.7
21,000 400 71.0
40,800 1000 174.0
14,600 5560 72.6

NOTE: Data are for FY 1974,

Table 3.15

SinGLE-OVERHAUL CosT MODEL
{In thousands of 1975 dollars)

In SOHC = ~4,27651 + 0.70741 In CPUSP + 0.431567 In THRMIL

(6.2) (3.1)

F = 31.0(3,8)

Example: J79 Engine

Variable Value Calculation  Elasticity

Constant  -4.27651 -4.27651 -

CPUSP. 450.0 4.32174 0.7
THRMIL 10900 4.01210 04
in SOHC 4.06733

SOHC = $57.8
NOTE: Based on FY 1874 data in Table 3.14.
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Fig. 3.6—Impact of MTBO on engine depot removsl frequency
daring maturation of an aircraft turbine engine

matures; thus the normal disiribution moves to the right as engine reliability
improves. On the average, it is to be expected that engires returned to the depot
for unscheduled overhaul will follow this kind of distribution.

The problem during early operational use, when engines are just beginn'ng to
accumulate flight experience and the first engines begin to show up at the depot.
is to attempt to assess where the small initial sample of early faiiures fits into the
distribution. Thic is why appropriate lesting in the development program and early
lead-the-fleet testing with a reasonakile sample size are so important to begin pro-
viding information on the character of the distribution.

Air Force policy has been to set some maximum time between overhaul
(MTBO) for a particular engine, at the end of which time it must be returned to the
depot for overhaul regardless of how well it is working. As the average time
between overhaul (ATBO) experience improves, with improvements to the engine
through CIP, the maximum time between overhaul (MTBO) is usually increased.
Increasing MTBO is a policy decision based on actual experience with ATRO. A:
some point, however, the MTBO is usually determined to be long enough and is not
to be increased further. One reason may be to prevent the ¢ngine from remainin:;
in the field for what is considered too long a tine (e.g., five to six years), at the risk
of a higher probability of in-flight failure and corrosive damage to parts, which
might more than outweigh the cost of more frequent, but less expensive, depot
visits. As the engine ATBO continues to improve with no increase in MTBO, the
distibution then becomes truncated. This is illustrated in Fig. 3.6(b). Differing
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experience can be seen for several engines in the Air Force inventery in Figa. 3.7
and 3.8 for the TF3U and the J79. As of 1974, the TF30 appeared to be still maturing,
with ita ATBO and MTBO continuing to increase, indicating the normal distribution
of engines returned to the depot, while the J79, which is considervd mature. has
not had its MTBO increased for over a decade, and its distribution has become
highly truncated.

What can be concluded from this situation? It would appear that overhaul
intervals can be lengthened if the service so desires. An on.condition maintenance
program, with engine diagnostics and trending provided by some engine h-alth
monitoring systel), might prove beneficial in such a situation. Such a program
would be beneficial not only for extending overhaul intervals in the long term, but
also for understanding problems earlier and achieving longer overhaul intervals
sooner, which may be the more important reason for on-condition maintenunce in
the military.

On the other hand, as noted above, there are valid reasons for not extending
overhaul intervals to the straining point. As an engine matures, the situation
certainly becomes more comfortable to manage. The engine overhaul program is
easier to schedule. Failure modes of engines scheduled to those MTBOs are fairly
well known. If this is the situation that is desired, then perhaps, at this peint in an
engine’s maturity, consideration should be given to eliminating further CIP efforts
and reducing changes and modifications, thereby reducing even further the pertur-
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bation to the depot and maintenance system caused by these changes. The Air
Force i3 in the business of managing thousunds of engines, and there may come a
time for any given engine model when the marginal improvement to the engine is
not worth the perturbation to the repair and supply systems (purticularly it atten-
tion must he focused on the newer engines entering the inventorv) and it is desir-
able to stop at some MTBO value.'*

From datu obtained from the Air Logistic Centers, it appears that in engine will
visit the depot on the average about three to six times in a 15-yvear life cycle.'® In

" This truncation cauzed by tixing MTBO i not a factor in commercial expericnee today . The airhnes’
on-condition maintenence policy allows engines that are operating well to continue operating; they are
not arbitrarily removed for maintenance at some fixed time interval @t least until maximum tme for
parts life is reached). The aivlines would view such a trincation ag an inefficiencey that prevented them
from getting tull flying-hour value trom the hardv:are. Thus, it would be expected that commercial
experietice would more nearly approximate the classical nornal distribution thoughout the ownership
life of a particular engine. The commercial policy i not one of "y to failure,” however The aivlines {
require perfarmance monitoring pertormance trending analyses, and time tracking of parts to achieve .
on-condition maintenance and I\xl‘y utilize the modularity teature of new engnne desym Also, because
they accumulate fiving hours much faster than the Air Forve, they s the average engine much oftener
than the Air Force does, despite their oncondition maintenance policy. Even so, there has been some
concern raised recently that the airlines may have pone too far with oncondition maintenance. Commer-
cial experience is discussed in Chap. 4.

' Estimated trom data in OCALC actuarial tables, ssued quarterly
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general, the lower figure applies to subsonic transports, tankers, and bombers, and
the higher figure to supersonic fighters. Frequency also depends on the flying-hour
program and severity of the particular inission. For instance, if a transport starts
with a 1000-hour MTBO and builds to 5000 hours over its life, and it is expected
to fly 500 to 1000 hours in a year, that engine might be expected to go to the depot
at Jeast ihree tim2s. A fighter engine may accumulate only 200 to 300 flying hours
in & year, but its MTBO will probably start at several hundred hours and take a
number of years to build to 1000 hours or higher. Such an engine might be expected
1o visit the depot five or six times, depending on how long it takes ATBO to increase
during the early years. It must be noted that the visit rate to the depot is deter-
mined by actual experience (ATBO), which in earlier years runs about half of
MTBO. Thus, the range of three to six times, depending upon application, appears
reasonable.

An attempt was made to develop ATBO and MTBO models for this study.
Obviously, each is highly dependent upon the other. Other variables do not add
appreciably to any model in which one is the dependent variable and the other the
independent variable. When MTBO is not allowed to enter the ATBO model, or vice
versa, then other variables become significant. CPUSP enters both ATBO and
MTBO negatively. The implication is that the mor2 expensive engines are also
rmore advanced, more complex, and less reliable, and therefore do not provide as
high an ATBO or MTBO as lower-priced engines. The models obtained are present-
ed in Table 3.16 for information purposes only. The statistics are not particularly
good. Additional work is needed in this area. It is hoped that improved models can
be developed as more and better data become available.

Table 3.16
MTBO/ATBO MobELs

In ATBO = 7.79136 - 1.96211 In CPUSP + 1.21296 In THRMIL
(3.8) (2.2)

RZ = 0.60
SE = 0.67
F =6.8(2,9)

In MTBO = 12.38270 - 2.025654 In MACH - 0.67134 in CPUSP
(3.1) (1.5)

+0.06864 ATOA26
(1.4)

RZ=0.65
SE = 0.58
F =5.0(3,8)

Total Depoti Repair Costs. The full cost of engine depot repair activity is the
sum of the costs associated witi 1) the zero-time overhaul (including MISTR), 2)
minor repair, 3) MISTR repair ..upport to the field. 4) modifications, and 5) the
purchase of expendable and reparable parts. It was not possible during this study
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to obtnin costa nasocinted with engine modification kits (B2 1100 account) bocause
these tunda were Lot broken down below weapon-sy stom level. Thoese costs should
be included in tuture study effortato provide an improved perapoective of total depot
(und base) costa. The other budget accounts, provided by engine family (ot by
upplication), include BP150K, Support System Stock Fund (S88EF), and the initinl

lay-in of apares under BP160O. The BP1600 account was also unavailable tor the

older engines; it must be retamed in the tuture,

Table 3.17 prosents depot cost data for 12 engines, using the HE36B veport, an
eatimate for MISTR field support, and an allocation of BPIS costs, The table lists
ercine flying hours consanied (EFHC) by the fleet and engine flying hours vestored
(KFHR) by the depot (as represented by the zero-timing of engines for that yoeur).
The ratio betwooen the two varies considerably. Total costs ure shown tor EFHC and
EFHR. The MISTR support and BEP1G0O are based on EFHC tor both costs, sinee
they do directly support the entire flving program in a given year. For the mature
engines, it can be soen that the conta nre witain u toasonably narrow range, thus
dencribingg o fairly stoady-state situation, whereas for some newor engines (.., the
TEI0, TF3Y, TEAD, the cost comparison between consumad hours and restored
hours shows 1 wider range. Beeause consumned flving hours substantinlly excood
restored fyin e hours for a newer engine program, the cost por restored engine hour
represents more closely what the future dopot cost will be thun deos the cost por
consumed flying hour.

A total depot cost model was obtained using the data in Table 318, The renults
are given in Table 3,19, The statistical vesults ave good in spite of data and time-
poriod timitations, Again, the independent variables enter with intuitively suatinty-
ing aipns. Using engine howrs vestored at the devot in the cost model provided
bettor results than asing the cost data rolated to flving hours consumed by the fleet.

Table 309 coatnins an exnmple for the J79. The single most signiticant sxplang.
tory variable was ATBO, the actual freouency of depot visits, However, the larpoest
contributor to the ealeulntion and the variable with the highest elasticity is CPUSD,
with ATBO second  As mentioned for the single overhaul cost maodel, learning and
stade of the art o acluded indivectly through CPUSP, I succenstul, offorts to
inerease ATBO by using engine dingnostic systems under a on-condition maitfe
nance policy would reduce depot costs,

What does o depot ropair progeam tor an engine cost? From the duats analyzed,
ituppoars that asingle overhaul costs about 10 to 20 percent of the current procurs
ment cont of that engine tin conotant dollars). Modificntions to engines inapived by
sorious flight deficioncios not associnted with zerotiming the engine will incur
additionnl conts for that engine st the depot, and the costs will vary with the
maturity of the engine. In addition, MISTR support for components returned from
the field, and the replacoment of condemned reparable parts and accessories during
compenent repair, can ndd 10 to 100 percent to the total engine program ovechaul
CONL N any given yoar.

On the average. an engine can go thaough depot overhaul three to gix times or
mere during a W-vear operational lity ¢vele. Subsonie tran-vort engines fall at the
lower ond of the range, and superzonic fighter engines at the upper. ATBO in
substantinlty less than MTBO, particulurly in the carly maturation period of an
ongine; consequently, average actual repair times are of primary interest for depot
comts. Kngrines seom to go to overhaul more frequently in their carher vears and
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Table 3.18

Data For DEpoT ToTal CosT MODEL:
H036B Mobiriep Data, FY 1974
(In 1975 dollars)

ATEO CPUSP OPSPAN ATOA26 DCEFHR

Engine (hr) ($ thousand) (qtr) (qtr) ($/EFHR)
Jh7-P-19/29 3666 350 7% 4.7 35
J57-P-21 752 400 76 4.7 165
) J457-P-43 3273 360 78 4.7 46
" J75-P-17 874 500 60 -2.6 146
J79-GE-15 948 450 6556 11.9 83
J79-GE-17 1067 450 29 11.9 64
TF30-P-3 566 900 30 6.2 296
TF30-P-100 374 1100 12 6.2 622
TF33-P-3 2880 400 56 -0.9 32
TF33-P-7 6934 400 45 -0.9 17
TF39-GE-1 1200 1000 18 4.1 160
TF41-A-1 333 550 20 -7.0 385
Table 3.19

Derot CosT PER ENGINE FLYING Hour REsTORED:
12 Data PoinTs, FY 1974 !
(In 1975 dollars)

in DCEFHR = 2,76182 -0.90604 In ATBO + 1.2607 In CPUSY
(10.17) (4.16)

+ 0.01104 OPSPAN - 0.02246 ATOA
(2.24) (1.87) A

RZ - 0.975
SE = 0.22
F =67.6 (4,7)

Example: J79 Engine i

Variable Value Calculation  Blesticity
Constant 2.76182 2.76182 -
ATBO 1067 ~6.30883 0.9
CPUSP 450 7.70217 1.3
OPSPAN 29 0.32016 0.4
NTOA 11.8 ~0.26491 -0.3

in DCE¥HR 4.21031

DCEFHR 67
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cost more to overhaul in later years, because parts in older engines are more often
condemned and replaced; the situation must therefore be viewed in a total context,
not solely in a mature-engine steady-state context.

When the single overhaul cost, added support costs, and frequency of depot visit
are combined, the recults indicate that total depot costs for an engine during a
15-year operating span can exceed its procurement cost.

Base Costs

As mentioned earlier, specific weapon-system-related costs are significantly
lacking at the base level. Bases apparently do not have a single integrated daia
source for all costs related to engine maintenance. Accordingly, this study uses duta
from a variety of sources to estimate the base labor and parts costs for selected
engines in the Air Force inventory. (See App. D. for additional discussion.)

Engine costs at th.e base are related to maintenance labor, parts, and support
for the following activities: unscheduled flight-line maintenance; unscheduled
maintenance in the shop, including removal and replazement of engines and acces-
sories; periodic scheculed maintenance (includir. 7 base-installed modifications); en-
gine test aud checkout before installation; and removal and replacement when an
vngine is to be returned to the depot. Existing maintenance data indicate that from
one-half to two maintenance man-hours are expended per flving hour on the en-
gines of a variety of weapon systems. In nsing such data, however, the analyst must
take care that they cover all engine-reizted work—not only unscheduied mainte-
nance, but also scheduled maintenance and engine-related accessories—and that
they oaclude repair of aircraft-velated engine-mounted accessories (QEC items).
Also, such data represent labor utilized. When available engine shop personnel are
counted, the maintenance labor available is on the order of one-half to two mainte-
nance man-years per possessed engine o.' the base; this can translate into three to
six maintenance man-hours per tlying hour, depending on the particular weapon
system and its flying hour program.

Available nanpower is what the Air Force is paying for in terms of total
maintenaice labor cost. A policy has been determined concerning the necessary
manning for a wartime contingency (the number of personnel required to support
the weapon system in a wartime environment), and the Air Force is paying for that
level of labor. even if it is not fully utilized in peacetime.

At present, one approach to the base cost of maintenance labor for an engine
is to examine the Unit Deuwail Listing. Asindicated above, data from severai selected
bases indicate that maintenance labor wili vary from one-kalf to two maintenance
man-years per possessed engine, depending on the particular engine. Some ad-
ministrative and support costs must be added tu this divect labor cost (a 50-percent
add-on is assumed here). Thus, one maintenunce mun-year is estimted to cost
$10,000 in direct labor and ar additional $5000 in indirect costs, for s total of
$15,000 per maintenance man-year. Expendable pa:ts must be estimated (a range
of from more than $1000 to less than $5000 per engine per vear is indicated for the
first-line engines, again depending on tlie engine)'® from an examinuation of RMS,

'* For inatance, tive J79-GE-17 on: the FdE at Seymour Johnson AFB, North Caroling, requires about
2/3 maintenance man-year per possessed engine for the base, and supply aecounts indiczte about $1500
per engine per yeu~ in expenditvres for FY 1975, On the basis of 200 flying hours per engine per vear,
a cost of $57.50 per engine flying hour wou'd be estinated for base support.

a
1

I

e el B v B Ak 4L 23 A en fomien

s




44

depot supply, and engine manager accounts. It appears that although this total base
cost may be less than depot costs for most engires, it is a significant amount.

v, An effort was made to relate base costs obtained from estimates of propulsion
g shop manning and supplv expense to pairameters of interest in order to obtain a
’ base cost-estimating relationship (CER). A range of costs were obtained (see Table
3.20). The maintenance man-years per possessed engine ranged from 1/2 to 1 for
most engines in the inventory. Supply expense varied as shown in ihe table. An
average value was then used in generating CERs. The specific data used to generate
the bas2 cost model are presented in Table 3.21. The results, presented in Table 3.22,
3 are interesting in indicating explanatary variables, but the medei should be viewed
cautiously because of the nature and limitations of the data. For base maintenance
costs, MTBO (the policy-determined maximum time between depot overhaul) was
most significant, entering the relationship negatively. Thus, successful efforts to
extend MTBO would reduce base costs, since periodic scheduled inspections are
directly related to MTEQ and are a significant portion of propulsion shop activity.
OPSPAN entered positivelv; the longer an engine is in operational service, the
more costly it is to maintain at the base. CPUSP entered positively; the more
expensive the engine, the more it costs toc maintain at the base. It would appeur,
then, that efforts to increase MTBO (on-condition maintenance using engine health
monitoring or diagnostics systems) and decrease the engine selling price could work
toward lowering base maintenance cost. As discussed previously, production, learn-
ing, and state-of-the-art effects couid be congsidered us included indirectly through
CPUSP. Again, it must be emphasized that this model represents only the grossest
cost estimates for the base. An improved model must await better data from new
or improved base data collection systoms and detailed examination of base-level
data.

Tabie 3.20

Bask Lapor ano MaTEriaL Costs PEr ENcinz FLying Hour Consuman,
FY 1974 Data
{In 1975 dollurs)

Estimated Range  Estimatec Range Average
of Maintenance of Maiorial Total EFHC Range of
Man-years per Expanasz per Engines EFNC per Yeur Base Cost
Engine Possessed Enyine  Possessed Engine in lnventory per Year per Fagine  per EI'HC
J57-P-19/29 06190 1000 - 2600 2328 376,936 185 63 - 106
J6°%-P-21 95-1.0 1000 - 2000 67 91,283 119 71- "42
J67-P-43 0.5-11.0 1000 - 2000 2434 89,716 323 26 b7
J78-P-17 0.E-1.0 1000 - 2000 338 069,627 146 48 - 96
J18GE-15 06-1.0 1000 - 2000 2874 677,821 201 41 - B
J79-3E-17 056-1.0 100 %000 1570 307,141 196 4 - 8¢
TF30-> 3 oL 1o 2800 - £940 B 100,452 190 63 - 106
1TF30->-100 0.5-1.2 2500 - 29000 246 37,946 161 K2 - 124
TF33 2-8 05-10 1000 - 2000 880 269,009 336 20 ~ 5O
TF34-P-T7A 0.5- 1.0 1000 - 2000 1700 1,242,214 31 10~ 24
TF39-CE-1/1A 1.0- 2.0 2500 - 6000 425 129,336 446 39 - 8
TF41-A-1 05-1.0 2500 - 5000 520 111,408 214 47 - 84
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Table 3.21

'DATA FOR Base MaINTENANCE CostT MobnsL, FY 1974

(In 1975 dollars)

MTBO CPUSP OPSPAN BMC EFHC

Engine (hr) ($ thousand) (qtr) ($/EFHC)
J57-P-19/20 4000 350 i) 80
J457-P-21 1000 400 76 107
J57-P-43 4000 350 73 39
J76-P-17 1200 500 60 72
J79-GE-16 1200 450 66 63
J79-GE-17 1200 450 29 66
TF30-P-3 1000 800 30 80
T™30-P-100 600 1100 12 93
=R 4000 400 56 33
R { 8000 400 46 18
1F8%-GE-1 3000 1000 18 60
‘IF41-A-1 750 560 20 71

Table 3.22

Base MAINTENANCE Cost PER EnGINE FLYING HourR CONSUMED;
12 ENGINES, Fy 1974 Data

(In 1975 dollars)

in EMCEFHC = 3.60819 - 0.47467 in MTBO + 0.01298% OPSPAN + 0.56739 in CPUSP

RZ=0.79
SE = 0.26
F = 10.0(3, 8)

(4.47) (2.24) (1.64)

Example: J79 Engine

Variable Value Calculation Elasticity
CHrnatunt 3.50819 3.50819 -
MTBO 1200 -3.36474 -0.5
OPSPAN 29 0.37671 0.5
CPUSP 450 3.46633 0.6
in BMCEFHC 3.28649

BMCEFHC 54

P




Spare Engines

Spare engines add approximately 25 to 50 percent to the installed engine in-
ventory in the Air Force, and thus account for at least 20 percent of the total
procurement cost of engines for a weapon system. They also have the effect of
diluting the number of expect:d flying hours per engine over the life cycle. (See
App. E for further backup data and discussion.) For example, an engine designed
to operate for 5000 flying hours within a specified life cycle will probably fly only
around 4000 hours, on the average, if it has a 25 percent spares ratio. Table 3.23
presents data for 15 Air Force engines. The spares ratio appears to be application-
oriented, in that the lower percentages appear to apply primarily to subsonic
transport and bomber aircraft and the higher percentages to attack and supersonic
fighters. The cost of spare engines can be handled directly when computing the total
cost for quantity of engines procured during a weapon system’s lifetime, assuming
a spare engine ratio. Spare engines bought during the same period as the installed
engines should have the same progress slope applied, and indeed should help
reduce the cost of future engines. The spares merely add to the total quantity of
engines to be bought. But how many spare engines should the Air Force buy?

Table 3.23

SrARE ENGINE INVENTORY, FY 1975

Active
Total Installed Spares

Engine Inventory Inventory Ratio
J57-19/29 2328 1040 2,24
J67-21 767 482 1.59
J57-43 2434 1634 1.49
Jb7-56 523 326 1.60
J57-69 3126 2586 1.21
J75-17 338 1956 1.73
J75-19W 297 150 1,98
J79-16 2874 2168 1.33
J79-17 1570 1104 1.42
TF30-3 530 340 1.56
TF30-100 236 164 1.44
TF33-3 880 768 1.16
TF33-7 1435 1114 1.29
TF389-1/1A 425 308 1.38
TF41-1 511 342 1.49

There is a specific computation for obtaining the number of spare engines a
weapon system is expected to require.!” On the basis of factors such as programmed
flying hours, number of installed engines on the aircraft, number and location of
operating bases, and where certain repairs of the engine are to be made, a require-
ment i8 established for a specific number of spare engines to fill the pipeline at the

'" The standard computation procedure is DODI 4230.3, Standard Method for Computation uf Spare
Engine Procurement Requirements. The Systems and Resources Management Advisory Group also
studied the spare engine gituation and recommended reexamination of spare engine procuremen’. with
the idea that the Air Force might be able to reduce spare engine procurement without degrading combat
support capability.
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base and between the base and the depot. Specific numbers of days are estimated
for the time it will take a base to turn an engine around and a depot Lo process an
engine at overhaul. The spare engines serve as replacements for failed e!1gines that
are removed for repair. A fill-rate objective is specified in terms of the ability to
meet the demand for a spare engine. If the demand cannot be met, it is called a back
order, which is defined as an aircraft requiring an engine. Given the fill rate and
a certain number of spares at a base, an expected effectiveness rate can be calculat-
ed—that is, the rate at which aircraft have their spare engine requirements sa-
iisfied and again become operational. A confidence level is also associated with this
process. For combat aircraft, the confidence level is presently required to be 80
percent. Spare engine requirements are estimated on the basis of the minimum
quantity of engines essential to support the programmed peacetime or wartime
operation, whichever is greater. Since wartime flying is usually programmed at a
higher rate, it is to be assumed that the spares are applicable to the wartime
rosture. Thug, spare engines are intended to reflect wartime requirements in terms
of a fill-rat~ objective and effectiveness rate #¢t .. ... - :r:uience level. Usually, more
spare ergines are purchased early in a new <9pui, svstem program, and then
phasec down to the computed requirement as ex;-cii=:t7¢ is gained. But the comput-
ed wurtime requirement could still be }igher than is necessary, particularly if
-appropriate consideration is given to attrition and duration of the conflict. (A study
under way at Rand concerning this issue indicates this to be the case.)

No parametric model was obtained in this study to enable an early planner to
predict the appropriate spares ratio for a particular application.

Other Costs

Other operating and support costs besides depot and base maintenance (and
fuel and attrition) contribute to the total life-cycle cost of an engine. They include:

1. Transportation

2. Ground support equipment
3. Management
4. Training

5. Facilities.

The above costs appear to add not more than 5 percent to all costs previously
discussed (not including initial recruitment training or a major facility expendi-
ture). Thug, increasing the total life-<cycle cost for an engine by 5 percent should
encompass all of the costs identified here for acquisition and ownership.

SUMMARY OF MILITARY ENGINE LIFE-CYCLE COST MODELS

The TOA methodology for relating performance to development schedules has
been incorporated into cost-estimating relationships (CERs). TOA and ATOA were
investigated along with other variablea fe!lt to be ‘mportant. Reasonable CERs were
obtained for militery engine development and procurement costs, where homo-
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geneous, disaggregated cost data were available from the contractors for a 26-year
period. Without this type of data, meaningful relationships could not have beer
obtained. The approach was to investigate variables considered important in the
development and procurement phases of a new engine. The approach was then
extended to the ownership phase of the engine life-cycle to obtain more comprehen-
sive models for total engine development, component improvement, and depot and
base maintenance costs. The model results are summarized in Table 3.24.

Again, in all the cost models studied, the variables have entered the relation-
ships in an intuitively satisfying manner. The signs of the coefficients are in the
_ right direction in terms of what an engine designer would expect concerning
. changes in these variables and the resultant impact that such changes would have
'" on cost. For instance, in the development cost model, development time entered

Table 3.24

MILITARY LIFE-CYCLE ANALYSIS
(In 1975 dollars)

State-of-Art Trend TOAZ6 = -856.38 + 110,10/nTEMP + 11.41/nTOTPRS - 26.08InWGT - 16.02nSFCMIL
R2 -~ 96 15.8)8 (8.1) (5.1) (2.8)
SE~8.9 +18.37InTHRMAY.

F = 92.0 (5, 20) (2.8)

Development Cost ($)) iInDMQTC = -1.3098 + L.08538DEVTIME + 0.49630/nTHRMAX + 0.040984TOA36 + 0.41368/AMACH
R2w 96 {7.6) (7.1) (4.9) (2.3)
SE=.18

F=557(4,9

C. L1 '
Cust (SM): InCIP = -2.79026 + 0.78862nTHRMAX + 0.04312°TOA26 + 0.007220PSPAN
R2= 88 (9.1) (5.7) (2.5)
SE-. 2
F =805 (3, 22)

Total Developmenit
Cost (3M) InTDC = 0.97355 + 1.2380NAMACH * 0.07345InQTY + 0.40386InTHRMAX + 0.00918-TCA26 \
R3= 04 110.9) (8.8) (8.5) 2.1) 3
8K - .16
F = 114.8 (4,29)

1000th Unit Cost ($13) InKPUSP = -8.2070 < 0,70532nTHRMAX *+ 0.00674TOA26 + N.45710inMACH + 0.018040TOA26
R2= 05 (9.2) (2.8) (2.6) (243 ;

8E = .215 3

F = 63.0 (4,13) ;

Cumulative Production

Quantity Cost ($M)
R3 =97
Sg - .33
F = 301.7 (8, 81)

Depot Maintenance Cost
Par Engine Flying Hour
Restured ($/2FHR)

R2 = 97
8E=.22
F=676017)

Bese Maintenrace Cost
Per Engine Flying Hour
Consumad (§/EFHC)

R3=.79
8E~.2¢
F » 10,0 (3,8)

InPRQTYC = -7.8504 + 0.8897InQTY + 0.82204/nTHRMAX + MFRDUM + 0.01858\TQA26

! (48.) (34.) (6.) (5.)
+ . 34478InACH + 0.00377TTOARE
(4.) (2.4)

GIDCEFHR = 2.761:82 - 0.00804/nATBO + 1.36074inCPUSP + 0.011040FSPAN  0.02245°TOA26
(10.2) (4.3) (2.2) (1.9)

InBMCEFH” = 3.50819 - 0.4748TIaMTBO + 0.012000PSPAN + 0.5673ACPUSP
(4.8) (2.2) (1.8)

NOTZ: See List ot Symbols for " finitiona of terma.

St atatiatics.
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positively, indicating that the longer the program, the higher the cost.'® The other
variables in this model also indicate ratioaal results. Thrust enters positively. The
larger the engine, the higher the development cost. ATOA and Mach number enter
positively; they are related to the state-of:the-art increment (or additional time
increment required) to be obtained in the development ard complexity of the
engine (reflecting the technology reach in the program) due to the environment in
which the engine has to operate. Thus, the development cost model and the 1000th
Unit Production Cost model are basically the same as previously reported [1],
3 except for conversion to 1975 dollars. The total development and component im-
E provement cost models reflect the addition of several data points and therefore
. differ slightly from the models previously reported. Both are included so that
i alternative methods can be used to compute total developraent cost. One model
depends on quantity of engines procured, while the other depends on the total time
in operational service (OPSPAN).

Several variables had to be introduced in developing the produrtion quantity
cost model. One wus a manufacturer’s dummy, required because of the sharply
different accounting practices used by one of the manufacturers before 1871. The
most significant variables are quantity and THRMAX. Certainly, quantity should
be most significant in this type of model, and the thrust level is a measure of the
physical size of the engine. Again, aliernative methods of computation can be
employed for obtaining total production cost: eitker the production quantity model,
which contains industry average learning, or the 1000th Unit Production Cost
model and an assumed process slope that can reflect a manufacturer’s learning
experience.

A model for total depot cost per engine flying hour restored at the depot (by
zero-iiming the engine) was nbtained as shown in Table 3.24. The variabies found
to be significant are the average time between overhaul (ATBO), current produc-
tion nnit selling price (CPUSP), operating span (OPSPAN), and increment of time-
of-arrival at the initial MQT (ATOAZ6). Again, they enter with intuitively satisfy-
ing signs for the dependent variables. For instance, successful efforts to extend
ATBO would reduce depot costs. The cost mode! using engine hours restored at the
depot provided better results than using the cost data related to fleet-cons:med
flying hours. The difference between restored and consumed flying hours can be i
subscantial in a given program. .

An attempt was made to relate base costs to parameters of interest in order to
obtain a base cost-estimating relationship. The results are interesting in indicating
explanatory veriables, but the model should be viewed cautiously because of the o
nature and lirnitations of the duta. For base maintenance costs, MTBO (the policy- .
determined maximum time between depot averhaul) was most significant, entering
the relationship negatively. 'Thus, efforts to ¢xtend MTBO would reduce base costs,
since base periodic scheduled inspections are directly related to MTBO and are a
sigunificant portion of propuision shop activity. OPSFAN entered positively: the
longer an engine is in operatinna! service, the more costly it is to maintain at the
base. CPUSP entered positively; the inore expensive an engine, the more it costa

'* 1t must be noted, however, that a minimum development time—on the order of four to five
years—for a new engine program must be associated with this eatimating relationship, since in the
extreme, this relationship could result in zere development cost at zero time Obviously, it takes some
amount of time to develop any new engine, however simple it may be in terms ol available technology:
the model therefore must incorporate a minimum development time.
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to maintain at the base. The model provides an estimate of buse maintenance cost
per fiving hour consumed by the fleet. In a 15-vear lifecycle cost estimate, con-
sumed engine flving hours will exceed restored engine flving hours because an
engine is not returned to the depot to be restored when it is about to be scrupped.

TOA does not enter directly into the depot and buse models, but does enter
indirectly through CPUSP, thus providing some measure of state-of‘the-art impact
on cost. (ATOA provides a residual efect on depot cost but is not in the base cost
model. It also enters indirectly through CPUSP.) CPUSP entered both the depot
and base models; thus, it would appear that attention to designing an engine to a
production unit cost would reap ienefits in the ownership avea.

e v

e i

AN EXAMPLE

Using the models derived. Table 3.25 presents a comparison of life-cyele cost
breakdowns for hypothetical fighter engine programs of the 1950s, 1960s, and
1970s. In spite of increases in development and procurement costs of engines (in
constant dollars) trom one decade to the next, the ownership cost portion dominates
and tends to represent an increasingly larger portion of the total.'* Depot mainte-
nance cost is the reason for this trend. Miscellineous costs were estimated to be
approximately 3 percent of total costs for this example. Table 3.25 indicates that.
total life-cycle cost has more than doubled from the 1950s to the 1970s and that the
depot is accounting for an increasing portion of that larger cost. Presently, depot
costs are the largest part of engine life-cvele costs. The 1970s engine is significantly ,
more advanced in technoloygy, and is larger in thrust and faster in Mach number,
than the 19508 engine, and those improvements are what the military is paying for
in attempting to obtain better weapon systems,

An additional calculition is shown for the 1970s engine for a case in which
ATBO/MTBO has been doubled. The results show a significant ownership saving
it the improvement can be realized. The models cannot show how to obtuin this
improvement, but do indicate that it would be worth considerable additional devel-
opment or CIP effort (or some new maintenance concept such as onwondition
maintenance} to achieve it

These theoretical examples, although intended to reflect veal engines acquired
in these decades, were constricted to show trends on a comparable engine-program
basis from decade to decade. Real engine programs will not necessarily indicute
similar results for a purticular decade in their designs, and programs are signifi-
cantly different from U » assumptions shown in the table.

!
1
i
3
1

Y Overall ownership cost cuivently represents two-thinds oi total htewevele cost, where ownership
nchades CIP and whole spare engines, but not fuel and attrition, tor the ighter-engine example present-
ed. Similar results were also obtained for curvent transport engines.

* This example is concerned with possible variations in ownership costs. Reference 19 presents
exumples ot how these models might be applied in looking at changes in the process ot acquiring engines
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Table 3.25

LiFR-CycLE CosT BREAKDOWNS FOP HYPOTHETICAL FIGHTER
ENGINES OF TdE 1950s, 1960s, AND 19705

Caost for
Engme with
Cost for Engine 1500 ATRO,
with 7560 ATBO, 1200 MTBO 2400 MTBO
,  1950s 19608 1970s 19708
N Cost Element $M % M % M % M %
’
Itemized Cost Breakdown
RDTAE 311.7 8.5 360.3 7.2 428.1 5.4 4281 1.0
Procurement
Install 983.3 279 1429.7 28.6 2273.1 28.9 2273.1 36.9
Spares 245.8 1. 3567.4 7.1 568.3 7.2 568.3 9.2
CIp 252.2 7.2 330.6 6.6 428.0 5.4 428.0 7.0
: Depot 1066.4 30.3 1708.2 34.0 3052.6 38.8 162%.0 26.5
Base 558.1 15.9 690.2 i3.7 8979 11.4 646.2 10.5
: Miscellaneous 192.5 2.9 146.3 2.9 2294 2.0 179.2 2.9
Totala 3520.0 100.0 5022.56 100.0 7877.5 100.0 | 6152.0 100.0
Cost per Engine Flying Hour Concumedb
) Acquisition 216 298 450 450
! Ownership 371 539 863 5756
5\ (Base and depot
; maintenance) (271) (400) (65R) (379)
i Total LCC 587 837 1313 10%5
. NOTE: Assumed for all programs:
[N
E 1975 dollars 6 M EFH consumed by fleet
b-year development 5 M EFL. .estored by depot
1C-year operations 1935 engines produced (including flight :
Advanced 2ngines teit and spares at 25%) 1
90% learning (production) No fusl or attrition included

It is also assumed that the future will behave in a manner similar to the past.

8May not add exactly because of rounding.
bAveuge cost for total program.
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Chapter 4

COMMERCIAL AIRCRAFT TURBINE ENGINE LIFE-CYCLE
EXPERIENCE: A COMPARISON WITH MILITARY
PRACTICE

Commercial airline peacetime opecations provide an environment in which
benefits can be measured more quantitatively and related to life-cycle costs. The
airlines offer a service, providing a degree of safety and dependability, at a price.
Their success can be measured over time in their ability to stay in business. earn
a profit, meet some amount of competition, and grow in a regulatory climate. To
some degree, then, it is possible to measure success quantitatively much as costs
are maasured.

COMMERCIAL LIFE-CYCLE PROCESS

The airlines purchase engines and engine parts as someone might an automo-
bile and its replacement parts. Once the initial choice is made, the buyer then has
less latitude in purchasing replacement parts. The airlines do not pay directly for
the development of engines and airframes as a specific cost as the military do, but
in reality their purchase prices cover all or some portion of that development cost.
The manufacturer’s price for new engines and parts covers not only the cost of
design, development, and manufacture, but also the company’s profit, incremental
cosis for component improvement, IR&D, and a margin to cover the warranty the
company provides to the airline. The warranty may take the form of a guaranteed
maximum material cost per flying hour to the airline for a certain period of time
and/or number of flying hours. The manufacturer is liable for some portion of
material cost exceeding the maximum. Engine companies, for example, may guar-
antee to repair or replace an engine part if it fails within an initial period, and to
refund some portion of the cost for that part up to some additional flying time, after
which the engine company is no longer liable. These warranties vary, depending
on the coverage the airline desires and is willing to pay for, and on the engine
company's desire to conclude a sale. The actual value of a warranty is therefore a
matter of negotiation between the airline and the manufacturer for each particular
gituation, since there is a wide area of interpretation concerning primary fault and
secondary effects and who pays for what portion of the total cost involved.

It is readily apparent that the life-cycle process differs substantially ror com-
~ercial and military engines. The military pay for development, component im-
provement, and IR&D separately, and they are required to oversee these expendi-
tures. There is no warranty coverage for military hardware except in the case of
failure of a brand-new item. The IR&D and CIP are funded separately, but in reality
are obtained by the engine companies as add-ons to the selling price of a military
engine, once the basic selling price and procurement quantities for a given yvear
have been established, and the total cost and apportionment of IR&D and CIP
programs have been approved.

52
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TIME-OF-ARRIVAL FCR COMMERCIAL ENGINES

The technology for the design of aircraft turbine engines—at best an imprecise
art—has improved steadily during the past three decades in a continuing quest for
higher quality. During this evolutionary development, the demand for perfor-
mance has dominated military acquisition, and usually unde’ highly constrained
schedules; the manufacturer’s effort to meet both performance and scheduie re-
qQuirements exposes engine programs to the risk of serious cost growth, while
relegating to lesser importance other quality characteristics of durability. reliabili-
ty. maintainability, safety, and concern for environmental effects.

Commercial engines are designed to a different balance of criteria. Higher
performance is still desirable, but safety and cost considerations make durability,
reliability, and maintainability critical characteristics. ‘' Jvernment-mandated
safety requirements are a basic consideration in commercial flijtht, with cost as the
strong second ronsideration. Since the same manufacturers prov: ie both military
and commercial products, the design differences between the two are not a matter
of a different technology base, but of adapting the available technology to fit the
two sets of circumstances.

Commercial engines procured by the airlines over the vears have benefited
significantly from previous military experience, as indicated “a Table 4.1. Lately,
this trend has been changing; the JTID was almost totally a coramercial develop-
ment by Pratt and Whitney (although the technology base still reflects a substantial
miutary contribution).

How different are commercial demands from military demands concerning the
quality of an engine? The TOA approach was employed to help answer this ques-
tion.

Table 4.1

MiLITARY PREDECESSORS T0 COMMERCIAL ENGINES

* FAA Model
Com:nercial Certifi- Military Qualifica-
Company Engine cation Yesr DPredecessor tion Test (MQT)
Pratt & Whitney JT3C 1968 457 1952
JT4A 1969 J75 1956
JTSD 1960 TF33 1960
JT8D 1963 J52 1961
JT12 1960 J60 1960
JT9D 1969 None -
Jriop? 1979b Nene -
General Electric CJ805-3 1960 J79 1856
CJ80b5-23 1961 J79 1966
CJ610 1963 85 1961
CF700 1964 J8s 1961
CFé 1970 TF39¢ 1969
CFMB5 60 1978b F101¢ -

2European collaboration,
bEstimated.
¢Gas generator technology applied to commercial derivative,
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A commercial engine data base of 11 points wae obtained und run in the TOA26
model. The detailed de ta for military and commercial engines are in Table 4.2, The
results for the 11 data pointsin TOA26 are shown in Fig. 4.1, The commercial trend
line lies below and appears to be approaching “he 45-degree-line militury model as
¢ ae increases The implication is that commerciai engines are more "conserva-
tive” than their performance-oriented military counterparts. It also appears that
the commercial line is converging wich the military model, indicating that commer-
cial engines may be tending to approach military eugines in the future, Indeed,
some engine designers feel that comraercial technology cculd surpass military
technology in the future, especially if noise abatement requirements and smoke
elimination requirements are explicitly considered in the TOA index. Annther
possible factor is the absence of new military programas started in the early 1960s
(see Tabie 3.2). As previously noted, all commercial engines were direct derivatives
of military programs until development of the Pratt and Whitney JT9D. The JTOD
is the first example of a major new U.S. aircraft turbine engine entering commercial
aervice with no prior military experience.

Table 4.2
TreHNOLOGY DATA For COMMERCIAL US. TurRRINE ENGINES

ADeleted for security or proprietary considerations,

N Turbine
Inlet Thrust Prossure Period of
. Temp. Max. Woight Term SEC 1ot Development
; Engine ¢R)Y () b) (Wb/et2) (tb/hr/ib) tr) Initiation
é JT3C 1996 13,600 4234 11,060 0.78 H9 Late 1960
JTIA 19856 156,800 5020 10,200 0.80 i3] Late 19008
JT3D 1990 17,000 1160 11,060 0.62 7N late 19 w
JT8D 2180 14,000 3180 13,600 0.9 81 Late { ;
JT12 2000 2,700 465 6,620 0.96 11 Late 10608 k
CJBGH-3 2100 11,200 2800 11,050 0.83 7 Late 1960« i
CJRODL-23 2100 16,100 3800 11,060 .66 77 Late 1950 1
_ J610 2060 2,850 399 5,780 0.99 82 Early 1960s
; CF700 2163 4,126 726 A,526 0.66 87 Early 1960- §
- JTOD (n) (n) (a) (n) (a) 107 Late 1960s ;
_" CF@ (a) (n) (a) (u) (a) 1e Late 1960s

The 11 commercial engines were then added to the data base of 26 military
engines, and an equation was obtained that uses the combined duta base and
3 employs u dummy variable for the commercial engines to awitferentinte them from
2 the military. The results are shown in Fig. 4.2. The indication is that commercial !
engines are more conservative than military engines. The dummy variable has a .
positive value of about ten quarters, indicating that commercinl engines are ubout i
2:1/2 yeurs behind military engines in their TOA. This model is presented in Table
4.3 together with a comparison of the J79 engine and its commercial counterpart, i
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Fig. 4.1—Comparison of military and commercial aircraft
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Table 4 3
CoMMzRCIAL AIRCRAFT TURBINE ENGINE TiMe-0F-ARRIVAL (TOA)

TOAS37 « ~772.85 * 8,151 in TEMP + 9,860 MCDUM ¢ 11.970 In TOTPRS

(6.7) (3.8) (3.9)
=26.465 I WGT -~ 15,668 In SFCMIL + 19.038 In THRMAX
(6.8) (3.5) (8.5)
R2 = 0.964
SE=¢C.1
F=134
Examples: J79 and CJ806-3 Enginee

J79 CJB05-3
Variutle Value Calculation Value Calculation  Elasticity
Conatent ~772.8% -772.86 ~772.86 -~772.86 -
TEMP 2160 +753.59 2100 +750.82 13
MChHUM 0 0 1 +9.86 -
TOTPRS 18006 +117.32 11080 +111.44 0.2
WQGT 3226 -213.80 2800 - ~210,06 ~0.4
SFCMIL 0.87 +2,18 0.83 +2.02 -0.2
THRMAX 13000 +183.07 11200 +177.50 0.3
TOA37T 68.5 69.6
MQTQTR 67
FAA

certification 71

TOA +12.5 ~14

the CJ805-3.' The lag could be explained in either of two ways: Either the commenr-
cial engine achieved the seame performance level as the military but received
certification 2-1/2 years later; or, for the same development milestone, the commenr-
cial angine design traded off reduced performance for greater durabilicy, reliability,
and maintainability, which affect safety and cost. It does appear that engine design-
ers apply the technology base differently in designing a new commercial engine.

‘This finding has significance for the current military trend of designing to a
life-cycle cost, because the trend will require engine designers to make quantitative
tradeoffs among aspects of quality other than performance. Since this model is
attempting to relate time to multiple design objectives, a cruciul task for future
work is to cuantify the characteristics of durability, reliability, rmaintainability,
safety, and environmental impact so that they can be introduced into a time-of-
arrival model along with performance considerations,

COMMERCIAL OWNERSHIP

The primary concern of an airline is to make a profit, and the primary oper-

' This TOA approuch, using the dummy to distinguish the design ohjectives of commercial versus
military pructice, waa alao used Lo estimate a commercial develapmont cost model. Only two commercial
wngine development data pointa were obtained. Those coata uie considered highly proprictary by the
munufhciurers and are usually not available for outaide study efforts. Terma that were tound to be
sigmificant in the military development cost-eatimating relationship were also important in comnwrein!
development, allowing for the 2.1/1-yeoar time lag.
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ational benefit measure for an airline is aircraft utilization. For engines, utilization
is usnally expressed in flying hours or operating cycles. The commercial flying-hour
experience is considerably dfferent from the military. The airlines follow estub-
lished routes with known demand rates for flying-hour segments and takeoffs and
landings over a given calendar period. The military has varying requirements,
except perhaps for a portion of the fairly well-scheduled MAC flest. The airlines
uecumulate engine operating hours faster than the military, even for comparable
aircraft. The airlines fly about three times more hours in a given yaur than the
MAC fleet aircraft, and ten times more than supersonic fighter aircraft.

OPERATICONAL PRACTICE

Commercial operational practices and procedures also differ from the military.
Operationally, the airlines require pilots to devote considerable “tender loving
care” to their aircraft. The throttle is used only to the extent made necessury by
gross weight, field length, altitude, and temperature for takeoffs and landings. On
almost all Air Force aircraft, there is no way to determine how mach hot-time the
engine sees during a known mission profile, although there has been some initial
work un ergine diagnostic systems that count throttle excursions. (The F100 engine
on the F-15 aircraft has such a counter, but it is not yet working well in operational
practice.) Squeezing out the last percen: of power is considered very costly to
er:gine hot-section life. Airlires require flight crews to monitor engine pertormance
in 1light and to supply data for trending analysis of engine performance after each
fiight. Careful throttle managemeni enables the airlines to achieve important do!-
lar savings by trading performance for temperaturc (and thus parts life). The Aiv
Force could do the same. Since the military operaticn of an engine is even further
up on the higher end of the power curve (approaching maximum performance),
even a nominal reduction in throttle excursions could yield a veryv significant im-
provement in parts life. (Several examples are already available for TAC and SAC
aircraft)

MAINTENANCE PRACTICE

Commercial meintenance practice has been extolled ar an example from which
the military might benefit. Airline maintenance practice today has turned away
from the military's hard-time philosophy (certain actions are taken at certain times
regardless of how well the engine is operating) toward what is generally termed
on-condition maintenance.

There is some semantic confusion concerning the meaning of on-condition
maintenance. Current airline maintenance procedures actually fall into three areas
of consideration: maintenance of life-limited, high-time parts; conditiocn monitoring
of certain non-safety-of-flight parts for which there are nc fixed time limits; and
on-condition maintenance of critical safety-of-flight parts that require regular peri-
odic inspections. The various airlines cavse some confusion by using these terms
somewhat differently, but in general they distinguish between on-cendition miainte-
nance and condition-monitored maintenance related to the level of inspection activ-
ity and impact of the part on safety-of-flight.
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y The intent of the on-condition maintenance program is to leave the hardware
’ alone as long as it is working well and symptoins of potential problems are not
: deveioping. This philosophy is not one of "fly-to-failure” when safety-of-flight items
; are involved. This maintenance program is expected to reduce the shop visit rate,
. determine which parts are causing removals and at what time intervals, increase
the engine’s accumulation of flying hours and cycles by maintaining its avaiability
on-wing, reduce secondary damage resulting from serious failures, and maintain
: and improve the normal distribution of failures expected for enginvs.

3 Prolonging the interval between shop visits for inaturing commercial engines
E . is equivalent to increasing the average time between uverhauls in the military. The
x resulc of this action is to prevent the truncation of the engine overhaul distribution
caused by fixing the maximum allowable operating time between overhauls and the
subsequent resulting large increases in the engine removal rate when maximum
hard-time overhaul is reathed. The commercial practice could therefore provide 4

mnsights tn the military in terms of what partz ave determining failure rates and
how CIP funds miglit best be apportioned among various engine problems.

On-congition maintenance hs several specific requirements: (1) periodic on-
aircraft inspection of engine safety-of-flight areas at ground stations (borescoping,
X-ray, oil sampling and anslysis, careful examination of the engine); (2} engine
performance checks and data-gathering in flight, using such daia for trending
analysis at a centra)l data processing center (usually at the main overhaul facility)
to anticipate problem. before they occur; and (3) tracking of critical perts by part
number to keep arcount of tne amount of operating time and operating cycles the
parts have undergone.

When an engine problern is discovered or anticipated from trending analysis,
the engine is removed {rom the airframe and repaired at a base if possible (by
replacing a part or module, which is then returned to the shop), or the eatire engine
is sent back to the shop; or the aircraft is scheduled for a fi.ght to the maintenance
base so that the engine can be removed and another engine installed overnight with
no 1ss of scheduled flight time. It is estimated that 90 perceut of engine repair
activity is performed at the shop; very little fixing of herdware is done at bases
except removal aad replacement of engines or miodules or of major parts easily
reached with minimum disassembly. (The base also performs other tasks primariiy
converned with the ground inspections, and handles lube, oil, and maintenance
associated with day-to<lay activities.) It may be asked why the Air Force cannot
operate it this manner. The reason is that the airlines operate in a relatively stable :
peacetime environment. Some Air Force units may be able to operate in a similar ’
manner, but others must he prepared to be self-sufficient in an overseas wartime
contingency and thus are required to maintain a larger labor force at the base level.

When a commercial engine is returned to the . 10p. the data svstem is expected
to furnish the ergineering and maintenance people with recor is of how much
operating timu has accumulated on particular parts, so they can judge whether to
fix only the part that is broken (or that they anticipate will break shortly) or to fix
other parts as well while they have the engine in the shop. They attempt to rebuild J
the engine to some minimum expected operating time.

Newer commerciai angines are of modular design. “Modular” means that the :
engine can be readily separated into major subassemblies. The intent is to add
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flexibility to maintenance procedures at the shop and at the base. Engines can be
removed and replaced overnight and modules can be "swapped out™ at a base in
several duys, with only the modules returned to the shop for repair. One result is
that airlines turn engines around faster than military depots (15 to 30 days versus
45 to 90 days), and consequently require substantially fewer spare engines.

The Air Force has begun to procure modular-designed engines; the F100 engine
on the F-15, and the F101 on the B-1, are examples. The Air Force is now implement-
ing a modular engine maintenance information system like that of the airlines for
keeping track of the operating time on parts and for helping in decisions concerning

‘ the operating life appropriate for each module and engine. The Air Force will have
e to be able to do this kind of analysis at the depot and base if it plai:s to adopt the
commercial maintenance philosophy regarding moduiar engines and, especially,
regarding on-condition maintenance.

Maintenance experience and skill levels are very high for the airlines in their
central shops. Most mechanics are FAA-qualified, have a long continuity in service,
and with their years of experience get to know the individual engines and aircraft,
since the fleet i3 not so large for a given airline. The civilian labor torce at the Air
Force depot also has considerable continuity of service, but the base inventory and
the current practice of completely disassembling an engine during overhaul and
reassembling it with different parts prevents them from getting to know individual
engines—besides which, the engine changes its identity every time throvgh the
3 depot. It is not clear how much of an edge this gives the airlines, but airline people
- consider it substantial. The commercial work force is also more flexible about
: scheduling overtime during peak periods and laying off during slumps. The mili-
tary depot does not have this flexibility in the short term,

Several airline officials have expressed concern that perhaps they have gone ,
too far too fast with on-condition maintenance as applied to current high-bypass- C
engine experience. Their worry is that they might be merely postponing certain ;
problems to a later date. They believe they are obtaining more operating hours, but

at a cost: When an engine finally does return to the shop, perhaps more has to be o4
done to it in terms of parts replacement than if it had come in sooner. The problem _
is to determine the “optimum” point. The military attempt to do so by setting an i
engine MTBO at some point that the user and supplier believe is optimum in terms 1

oi operational availability on the one hand, and the amount of work required when
it is returned to the depot. on the other hand. The choice lies between the two
extremes; a short-fixed-time philosophy is one, and on-condition maintenance run-
ning to failure or almost to the anticipated point of fuilure is the other. There may
be some optimum intermediate point derived from a combination of hard-time and
on-condition maintenance, and this optimum could vary, depending upon the in-
dividual airline or military situation. One airline's (or service's) optimum is not
necessarily another's because of differences in route structure and operating condi-
tions {(1nission), utilization of the fleet, economic environmenti, and so forth. At any
rate, it would appear desirable for the military to move away from its strict hard.
time philosophy, but no doubt there is some point on the on-condition maintenance
spectrum bevond which it may not be desirable to go for the suke of economic
efficiency. Appropriate data are required to assist in seeking this optimum.
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COMMERCIAL ENGINE COSTS

What does it cost the airlines to own and operate their commercial engines? The
question is more difficult to answer than would first appear, even though manufac-
turers preserve a great deal of engine cost data over a substantial period of time
for their cost analyses. Airlines are also required to provide certain cost data o the
CAB, separated into certain cost categories.

Because accounting practices, operations, and econoinics vary among airlines,
however, only the individual airline will know fully what its costs are under its own
accounting practices, route structure, operating environment, seasonal adjust-
ments, and economic conditions.

Therefore, difficulties arise in attempting to use airline cost data directly. The
purchese price of an engine that an airline reports to CAB may reflect the cost o1’
the entire pod, which is the total installed engine in its nacelle ready for mounting
on the aircraft wing, or it may reflect the bare engine and certain spare parts. It
may also include, as in the case of reported Air Force contract prices, snare parts
and accessories, technical data, and field service costs. Thus, it may be difficult to
use the aggregated data reported to CAB to arrive at standardized procurement
costs that will be comparable among the commercial airlines. At least an estimate
can be obtained, however, if it is known whether the purchase was for a bare engine
or a podded ergine, and if some idea can be gained of what additional costs are
involved in the purchase price.

The matter of proprieiary information can be a further stumbling block. To
gather information on military engines for this study, it was necessary to go to the
manufacturers for disaggregated, homogeneous, longitudinal data. They were will-
ing to supply military data on a proprietary basis, but they are not willing to supply
commercial cost data at all, except in the most unusual circumstances and then only
on a very limited basis.

In sum, the analyst faces the dual difficulty of determiving the content of the
CAB data and of obtaining information the airlines and manufacturers consider
highly proprietary. Tlus, the major problem in comparing commercial and military
engines is generating comparable costs. At present, the most pressing need is to
understand what the commercial cost data actually include; nor is it sufficient to
do so for only a one-year or two-year cross-section. Cost analysts in both the engine
industry and the airline industry agree that five to seven years worth of historical
data are needed to gain a reliable picture of the trend for a particular piece of
equipment. This appears to be true for both technical and economic reasons.

ANALYSIS OF AVAILABLE DATA

Figure 4.3 depicts a rough breakdown of typical 14-vear life-cycle costs for the
older first- and second-generation commercial turbojet and turbofan engines. New
third-generation high-bypass engines may be different in terms of cost magnitude
and proportions, and their cycle may be extended in order to cover their higher
costs, with depreciation spread over more years—perhaps 16 rather than 14. The
figure ceveals that 75 to 30 percent of cost is ownership. It should be recalled,
however, that the procurement cost of the engine includes allocations for develop-
ment and IR&D, and ownership costs also include, besides CIP and warranty add-
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\ Inewronce

| Whole tpare englnes

i
|

Basic engine purchase price

Fig. 4.3—Typical 14-year life<cycle costs for first- and
second-generation commercial turbojet and turbofan
engines (from Ref. 5)

ons, a charge for development; consequently, ucquisition and ocwnership coste are
not cleanly defined even for airlines. It is interesting to note from the figure that
an airline buys an engine twice over in spare parts alone during its operational
lifetime.

Data obtained from five commercial airlines in the course of this study indicate
that the older and smaller turbofan engines such as the JT8D and the JT3D are
costing between $50,000 and $100,000 per shop visit for engines that have been
operating for 2000 to 4000 hours, while the newer and larger high-bypass engines
such as the CF6, JT9D, and RB-2ll are costing between $100,000 and $200,000 per
shop visit for engines that have been operating for 1000 to 2000 hours. The cost
range appears to be affected by the size of the ungine, the satate of the art, engine
maturity, usage since the last shop visit, arnd airline policy concerning refurbish-
ment to a minimum time for next shop vigit expectation. The costs are quite differ-
ent from those obtained from the military for comparable engires with similar
operating experience. Airline shop costs are apparertly fully burdened® and reflect

* Including all allocated materials, back shop labor, and overlicad, except for major medifications,
which are treated as investment rather than opsrating expense for tax purposes.
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arnuna 90 percent of base and shop costs combined. At the military depot, & cost.
increment of at least 50 to 100 percent must be added to the major overhaul cost

to obtain the total depot cost per engine processed in a given year.
What does it cost to maintain s commmercial engine? From the duta presented,
ownership constitutes 75 to 80 percent of total life-cvcle cost (not including fuel). )
The first- and second-generation commercial engines are estimated to have a peak
cost of around $40 to $80 per flying hour for ownership and $50 to $100 per flying ]
hour total. Steady-state costs with the advent of maturity fall to a range of $20 to \
$30 per flying hour for engine maintenance. Peak costs appear to be two to three
‘ times steady-state costs. A total of about 35,000 to 45,000 operating hours in a
“p 14-to-16-year period is expected. New third-generation high-bypass engines will
peak at weil over $100 per flying hour if the same percentage breakdown applies.
The airlines hope that long-term steady-state ownership costs can be reduced to
around $40 to $50 per flying hour when maturity is attained for these new-genera-
tion engines. Since these engines are of higher technology, with at least twice the
; thrust and considerably improved specific fuel consumption, they are expected to
be well worth the higher cost to the airlines in the service they will provide with

the new wide-bodied transports.

In examining the available commercial cost data over a number of years, a
general cost profile trend is distinguishable. Figure 4.4 presents actual data that 4
appear to corroborate such a pattern. A hypothetical cost profile is shown in Fig. )
4.5. It presents expected cost patterns on the basis of consumed and restored engine
hours with peak, average, and steady-state values indicated. Also shown are two
general problem areas that seem to occur in engine maturation: an early peak .3
(occurring usually because of problems in the hot section in the engine’s matura-
tion) and later on, an additional hump on the way to steady-state conditions (some
cold-section problems tend to show up later). Shop visit rates show the same pattern

ke

V. Includes fully allocated labor,
matetiol, ond outside setvices

2. Complete powerplont

3. 1972 ddllon
1y 4. Yeocly average i
1001 /\ )
’ Legend : .
-~ % / 114 )
T
5 ® = JTRD !
s s —— JT90-3A ;
§00 |
i 0
‘ 0
5 [ Y N .
20
IOL
0 S Y S W W S | berd L
01 2 3 « 5 &6 72 8 ¥ VWM N

Yeon of wrvice

Fig. 4.4—Total maintenance cost of complete powzrplant

Sourcx: Hq USAF, Repurt of the Procurement Management Review of Aircraft Gas Turbine Engine
Acquisition and Logistics Support, Washington, D.C., February 1976.
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Fig. 4.5—Cost profile for commercial turbine engines

(leading the reported cost data by six to nine months because of reporting delays).
The JTID, operating since 1970, apparently is approaching maturity and wil! be an
interesting example to watch as an indicator of cost differences between the current
generation of high-bypass engines and previous generations’ experience. It does
appear that the high-bypass engines are at least twice us costly to operate. The
question still to be answered by the operators is whether or not they will be as
profitable as expected in the long term. They were expected to return their invest-
ment and increase airline profits when they were purchased in the late 1960s. The
difficulty has been the slower than expected increase in air transportation growth
in the early 1970s. One indication that things may be different for a high-bypass
engine is that some airlines are now using 16 years as the depreciation period for
tax purposes rather than 14 years, because these newer engines are not accumulat-
ing flying time as rapidly as the older engines at similar points in their life cycle.
Consequently, the extra time is needed to achieve the expected 35,000 to 45,000
operating hours on the hardware.

In short, it is possible to construct a cost profile for the life-cycle of an engine.
The data examined here are consistent with the general trend indicated regarding
maturaticn and steady-state operation. This commercial cost profile of peak,
steady-state, and average costs should be helpful in attempting to understand
overall military life-cycle costs, which should behave similarly (at perhaps a higher
cost level). The use of only cross-sectional data to estimate custs for a given engine
can be misleading if the engine’s relative position in its overall life cycle is not
understood, and if the data are heavily weighted to the steady-state situation, when
average costs are needed to determine overall life-cycle cest.®

2 In the military models developed in this study, both the depot and base equatiuns contain the term
QOPSPAN, which controls for the time effect to some extent. However, the data were heavily weighted
by programs that had arrived at fairly stendy-state conditions.
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Chapter 5
RESULTS, CONCLUSIONS, AND RECOMMENDATIONS

This study of policy considerations in the life-cycle process of aircraft turbine
engines has attempted to bring into focus factors relevant to the benefits and costs
associated with acquigition and ownership. Chapter 2 discussed theoretical consid-
erations. Chapter 3 dealt with the military process in detail. Chapter 4 addressed
the commercial process for comparative purposes in an attempt to identify prac.
tices that the military might profitably adopt. The objective has been to highlight
the information and methodology an early planner requires in determining effec-
tive tradeoffs and thus arriving at policies appropriate to various phases of the
engine's life cycle. Examples of calculations for current engines and applications to
new engines have been provided. This chapter summerizes the study’s results,
conclusions, and recommendations. (For a succinct treatment of this chapter, see
the author’s executive summary, R-210G/1-AF.)

DESIGN OBJECTIVES AND DATA REQUIREMENTS

The technology for the design of aircraft turbine engines—at best an imprecise
art—has improved steadily during the past three decades in a continuing quest for
higher quality in terms of performance, durability, reliability, and maintainability.
During this evolutionary development, the acquisition of tarbine engines for mili-
tary aircraft has been primarily performance-oriented. The manufacturers who
have provided engines to the military throughout this period have maintained
their business bases by responding to and meeting the needs of the customer within
certain limits, and the military customer has demanded performance. Further-
more, he has usually demanded performance under a highly constrained schedule,
thus exposing engine programs to the risk of serious cost growth while relegating
to lesser importance the characteristics of durability, reliability, and maintainabili-
ty.

When a customer makes other demands, as in commercial transnoit, engines
are designed to criteria other than performance. Safety and cost considerations
make durability, reliability, and maintainability critical characteristics for com-
mercial airlines. Since the same manufacturers previde both nilitary and commer-
cial products, engine design is not a matter of different technology. but of using the
available technology differently to fit the circumstances.

Designing an engine to performance, parts-life, and safety requirements is
fairly well understood by engine designers; even designing to a production-unit cost
is understood to some extent. But designing to military life-cycle benefit and cost
criteria is not presently understood to the extent that it should be, particularly in
terms of the appropriate durability, reliability, and maintainability in the oper-
ational context of military ownership. In short, the art of designing a military
aircraft turbine engine to a life<ycle cost is »ii!l in a primitive stage. if it exists at
all.
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The difficulty for the designer lies in not fully understanding the appropriate
tradeoffs because -.f a lack of detailed information concerning 1) how the military
use the engine, and 2) how operational problems are related to the design. (If a part
breaks, for example, the designer needs to understand not only how it broke, but
why it broke.) The designer does not have at his disposal data reiating the military
benefits and costs from operatior:al and support activities in sufficient detail to
enable him to ar.alyze the tradeoffs among the various design objectives in a total
military life-<cycle context.

Now that total life-cycle cost is becoming an increasingly impc -tant considera-
tion and the demands of the .. .ilitary customer are apparently changing. the engine
designer will require more detailed cost/benefit information to perform the neces-
sary design tradeoff. But he cannot lay hands on that information overnight.
Currently, the available military operational and cost data are heterogeneous,
aggregate-, and cross-sectional; to enable effective design tradeoffs involving total
life-cycle costs, the data inust be homogeneous, disaggregated, and longitudinal.
The data must be clearly defined; each data elcment must retain identity and
consistency over time; all relevant cost elements n..st be included and broken down
to the appropriate level of detail; and the data must be available over a long enough
period of time so that the engine’s maturation process cen be understood. In the
commercial acea, for instance, cost analysts in both the engine industry and the
airline industry agree that five to seven years worth of historical data are needed
to gain a reliable picture of the irend for a particular piece cf equipment.

When tairly homogeneous, somewhat disaggregated, and reasonably longitudi-
nal data were available—for example, 25 to 30 years of RDT&E and production cost
data from engine contractora covering a variety of programs—interesting analyti-
cal and methodological results were obiained. When the cost data were heterogene-
ous, aggregated, and cross-sectional—two or three years worth of selected owner-
ship cost elements—analytical and methodological efforts have been less successful
but still very promising. It will be necessary to develop some methodology for total
life-cycle analysis if early planners are to obtain and evaluate the leverages that
might exist between the costs of early acquisition and later ownership and their
resulting impacts on operational capability. The needed data must be obtained.
Several new data systems or modifications to existing systems are now being imple-
mented tc improve this situation; but organizations learn to adapt to the data
systems imposed on them while still perpetuating their customary ways of doing
things, which is one of the problems of existing systems in the actual data they
obtain and provide for analysis. The best solution may be one of periodic sampling
to obtain the data needed for specific weapon systems at particular times in their
operational life span.

A METHODLOGY FOR LIFE-CYCLE ANALYSIS

Valuabl~ insights can be obtained for both a weapon system and the component
through a life-cycle analysis of a new weapon system at the system level and at the
component level. Macro and micro viewpoints corroborate each other in both “top-
down™ and “bottom-up” analyses. The relative importance of the component to the
weapon system must be ascertained in terms of contribution to performance as well
as resource consumption; the data can be disaggregated so as to assess the major
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components, such as airframe, engine, avionics, weapons, and ground support, and
the relative magnitudes of these various programs. It is recommended that other
components, particularly airframe and avionics, be analyzed similarly to the en-
«.me. It is more difficult to obtain CERs at the component level than at the weapon-
system level,

This study has presented methodology for relating the time-of-arrival of a
bundle of performance characteristics sought in a military engine at the model
qualification test date for that engine. The methodology was made pussible because
25 years of disaggregated, homogeneous, longitudinal data were available from the
engine manufacturers.

MILITARY LIFE-CYCLE FINDINGS

How much does it cost to ac juire and own a military engine? It would appear
that, even today, nobody really knows the full cost of an engine’s life cycle. No study
to date has clearly defined the cost elements and the associated actual life-cycle
costs for an ongoing engine program; nor has anyone formulated a sound methodol-
ogy for obtaining such cost estimates in any detail, io be used in the early planning
for new engines. Nobody really understands the ful! magnitude and correct propor-
tions of costs attributed to life-cycle phases for an engine. Although development
and procurement costs are fairly weil understood, it is still difficult to predict the
cost of a new engine program with high accuracy. The results of this study indicate
that the magnitudes of development, procurement, and ownership costs are consid-
erably higher than previously estimated. Not only the magnitude, but also the
composition of ownership costs as related to a weapon system, are not well under-
stood. The extent of the confusion can be seen from the range of results obtained
in this study, where it was necessary to use cross-sectional data in an attempt to
obtain some measure of operating and support costs for engines in the current
USAF inventory.

Can we at least answer the question: What is it costing the Air Force to operate
a particular engine today? This study does shed additional light on the overall area
of engine total lifecycle cost and it provides a more reasonable range of cost
estimates for the current inventory. This study was not undertaken with the expec-
tation that 100 percent of the total life-cycle cost could be obtained. It was hoped,
however, through direct and indirect means of data analysi. nd with some mea-
sure of confidence, to identify and capture the major share of costs and to ensure
that no significant cost--one that could influence a policy decision—would be miss-
ing from the data.

The range of opevating and support costs obtained for all front-line USAF
engines in the present inventory varied from ¥30 to $750 cer engine flying hour
during FY 1974, with estimates of particular engine application varying by a factor
of two to three. The wide range of engine operating and support costs can be
attributed to differences in the following:

-— Physical characteristics

~— Operating environment

— Technological content

— Technological advance sought
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Maturity of engine program

Age of specific hardware

Utilization rate

Data source

Methodological definitions and assumptions
Acquisition policy

Operational policy

Logistics support policy.

The general findings of this study are that:

" .
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More money is spent in ownership than in acquisition of engines (not
ncluding fuel and attrition in a 15-year operational life span.

Progress has been made in modeling ownership costs for depot and base
maintenance. The model presented in this study found the current produc-
tion-unit selling price and the average or maximum time between over-
haul to be the ::10st significant variables. Although time-of-arrival terms
did not enter into these models, these terms are strong determinants in the
production unit selling price model and thus affect the results, although
indirectly.

Leverages do exist such that, during the operational life span, spending
additional money earlier in an engine's life cycle can yield substantial
reductions in operating and support sums later on. This was true of past
systems. and it is even more true of newer high-technology systems. Pro-
curement costs for new systems have greatly increased, and operating and
support costs have kept pace with them; they appear to be at least as large
as procurement costs and, in some cases, appear to account for an increas-
ing percentage of total life-cycle cost.

The extent of the tradeoff between ncquisition and ownership costs is still not
known, in terms of how much improvement iin engine quality could be obtained for
additional sums spent earlier in development, and the extent to which that im-
provement would reduce ownership costs later on in specific operations and support
areas, Previous experience indicates that, usually, reliability significantly improves
when additional time and money are allocated during the engine's initial operation-
al maturaiion. In turn, this improved reliability strongly affocts mission capability
and support costs.

Assuming a 15-year life span, Component Improvement Programs {(C1P)
conducted during the engine’s operational life can cost as much as it did
to develop the engine to its initial 150-hour Model Qualification Test
(MQT). An engine design has an inherent quality, but once the detailed
design is transformed to hardware, it remains for testing and o,  “tional
experience to bring out that quality to the fullest. Testing is an . solute
necessity, and it must embody the appropriate time, conditions, and proce-
dures so that major problems are discovered and corrected as quickly as
possible within the limits of sound engineering practice. It is clear that CIP

have improved engine reliability, partly because of the past practice of

placing tight time constraints on the deveiopment process and leaving a
considerable portion of the maturation process until operational usuge.

b




Al U AN Y " o
A darass w (s P X o o e e e e e e vy

68

¢ There comes o point in an enyine's maturation, however, when considera-

tion should be given to =i gnific. ntly reducing CIP. That point arrives when

the engine has attained u reasonnble velinbility, but continual changes are

perturbing the syatem and causing difficultios that are no longer worth

overcoming for the snke of trifling improvements in capability. The J79

experience during the last five or six years, for example, indicates that

evea though CIP has been continuing, MTBO has not incrensed, removal

rates of engines from aireraft at bases have not decreased, ATBO has not

approciably increased, and average e of installed engines has not in-

cronsed. This is a comfortable situation to manage, botl: at the base and

’ depot levels, and it could be stated that the CIP is heiping the J79 to grow
old gracefully. It the Air Force wished to maintain this situaton, would
there be a problem without the CIP? The chanced ate that there would not
be, and lite wouid probubly be simpler for evervbody. Engineering
changes continue to come trom the CIP program for the J79; they roquire
some new modificntions and the purchase of additional purts, with result-
ing perturbations in the avaten. The relinbility of the tew parts is uacer
tain, nor iz it known how they will affect older puits they wve related to.
Suddenly, in place of known relinbilities and fumiliar tockage proce-
dures, the AFLC is contfronted with a changad situation in vhich it takes
‘me to Jearn new tailure rates and perhaps 18 miotiths to order new parts.
For such reasens, the uirlines iacreasingly reject engineering changes,
excopt for safety, as the engine achieves maturity afler ive to sever years
of opurational experience. The defonders of C1P point out, however, that
CIP are jusiitiod by anather of their useful tunctions; They restore spece
performaace to roworked puarts at the depot by devising new repair tech
niques ag hardaware gets older. To inveatigate the vahdity of such argu.
menty, an atalysis of depot rejoet rates should be performed <. assess the
velationship of temperature and stall margin for newly overhauled en.
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gines, Porhups some modest deterioration could be allowed because the 1
engine tends to get hotter and lose stall margin as it gets older and leses ;
its performance interpally. Thers is, of course, o tradeoff botween cost and ]

performance, durability, relinbility, and mamntaimabiiity. One possibit. s
to dosign and teat a new engine to higher pertormans~e lovels, it a pau

lar level is to be required for the weapon system and to be held at cacn
depot visit, This is an alternative to relaxing the depat spee.

Wit the new engine development process ndvocated by the Air Foree, product
reitnbility should be considerably enhanced at the beginning of oporational serviee
and should attuin higher levels at an earlior point in the life eyele, It is recom:
mended, therefore, that with the new development procedure and with an expand
od duta base for wracking the engines, consideration be given to stopping CLP atter
an emynne has achieved a satisfictory velinhility lovel,

o When all relevant depot costs ave necounted tor, they can exceed erpine
procurement costa, It s itaportart fo obtain all relevant depot costs for
support of an engine program and to understand the tull comt ot overhaul
i an engine, as well w. all other support 14 depaot bends te tebd muamte
nancee. It is recommended that ditia be anals el wter 1t teweow o0
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able, on the benefit/cost improvements seen in the preduct at the depot
due to increased development effort resultin,, rom the new development
procedure. On-condition maintenance and the new concept of modular
maintenance should also be analyzed, and tests should be conducted to
determine the value of on-condition maintenance and power management
in extending the reliability of engine parts and reducing repair costs.

Operational policies concerning mission training, base-level support, depot sup-
port, and engine spares for wartime contingencies add significantly to cost, particu-
larly when compared with commercial practice. Further study of these areas is
recommended. For inatance, it is important to understand, at the component level,
the effect on onerating and support costs exerted by maintaining specific manning
levels at various types of bases for contingency purposes. TAC, because of rapid
deployment considerations, may have reasc 1 to be oriented toward base support
of equipment. SAC and MAC, on the other hand, because they are not expected to
operate from overseas bases in a “teady-state situation, may operate more efficient-
ly if they emulate the commercial airlines, with engine maintenance largely cen-
tralized at a single slop.

¢ There is a significant time lag in implementing improved data collection
systems, and sufficient data are not now available for accurately determin-
ing life-cycle benefits and costs. Consequently, the ability to design to a
life-cycle cost is in the future. Meanwhile, for new weapon systems cur-
rently being contemplated ior the 1980s, a rhilosophy o designing an
engine to a production unit selling price for the engine quality desired is
a reasonable aiternative.

Even if the data were available and a methodology were developed to perform
a meaningful lifeycle analysis for a new engine, a basic problem of implementa-
tion still remains. Decisionmaking during weapon-system selection has been highly
centralized. The need of the user has been qualitatively assessed in terms of an
expected threat. Although the using and supporting organizations furnish high-
level inputs during concept formulation, they lack real influence during the later
validation and development process and therefore cannot maintain pressure to see
that their realistic needs are met as they face the problems of operating and
supporting the new system. Th2 new Acquisition Logistics Division ii: AF1.C is an
attempt to remedy this situation.

COMMERCIAL LIFE-CYCLFE FINDINGS

A number of commercial practices suggest possible avenues toward life-cycle
improvement for the military in procurement, operations, maintenance, sud cost
management. In particular, engine-power management, on-condition maintenance,
appropriate testing for modifications, and cost tracking and profiling appear to be
beneficial to the airlines, although they cannot ulways fully quantify benefits and
COo8ts.

The Air Force I s taken vegirning steps in some of those directions, most
notably in power maunagement ¢c cut down on hot time. Some aircraft are having
their throttles restricted tr necesgary uses, and on excursion counter has been
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installed on the F100 engine in the F-15 aircraft (although it is not y+ - wigrlans v vy
well in operational practice). Power management is being applied not v: iy in }£0,
where it might be expected because of the similarity to commercial experience, but
also out of necessity in TAC, because of engine reliaLili;y and durability problems.
These are worthwhile actions, but the Air Force does not appear prepared to collect
data from this experience for compcrison with the previous situation in order to
assess what power management is worth for different applications. The airlines
themselves do not know that worth precisely, particularly for high-bypass engines,
which started off with power management from the beginning; however, they do
have some data from earlier JT3D and JT8D experience that indicate a significant
extension of hot-parts life. If the airlines believe power management is worthwhile,
it should be even more so for the military and their performance-dominated situa-
tion. It is recommended that the Air Force conduct tests and collect the data to
assess the value of power management across their front-line inventory in MAC,
SAC, and TAC.

On-condition maintenance has yielded cost savings for the airlines, not only in
terms of level of work in the shop, bu: also in aircraft availability. The Air Force
is now considering moving in this direction with several new engine programs that
are capable of using on-conditinn inspection procedures, data trending analysis, anu
modular maintenance concepts. Careful unalysis of data as the become avaiiable
should indicate the value of this trend for future engine designs, and indicate
whether the Air Force should move away from its “hard-time" philosophy or
whether, when an engine reaches an acceptable maturity level, “hard-time” is the
appropriate policy. There is an "optimum” time buildup for engines under an
on-condition maintenance policy: Several airline officials have expressed concern
that they may have gone too far too fast with this type of maintenance. Their worry
is that an engine may reach the point where it is more expensive to replace parts
after many hours of use than to rework parts after fewer hours of use. The Air
Force d~pot faces this same tradeoff, along with the perturbations caused by intro-
ducing continual parts changes to a very large engine population.

The airlines conduct lead-the-fleet testing for modifications to their equipment.
Manufacturer-prcposed product improvements are increasingly rejected (except
for safety) as years and maturity of the product increase in commercial service. The
Air Force should reviev/ its own CIP policy concerning chunges as the engine
matures, as well as its lead-the-fleet policy regarding the appropriate lead time
necessary to introduce changes into the fleet. Lead-the-flect aircraft should be two
vears ahead of average experience for military engine programs.

For a modular engine design, the interactions b:etween related modules and
how those interactions may degrade performance attained in the ficld are still
imperfectly understood. This is true even though the modules may have passed
their inspection tests at the depot. The airlines are paining experience in this area,
however. There is also a relationsh.p between the cost of overhaul and the flying
hours it restores. The more new parts put into the engine, the higher the probability
that it can stay out in the field longer. The military have not demonstrated or
analyzed that relationship to any extent. It has been seen in commercial pructice,
but the airlines do not necessarily decide in favor ¢ Ithe higher cost and added flying
hours. They choose some optimum for the particular situation.
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RECOMMENDATIONS
This study, in conclusion, has arrived at the following recommendations.

: » Efforts to develop the methodology presented in this study should be

continued as better data become available. The aim is to formulate a

: comprehensive life-cycle model, incorporating military and commercial
objectives, that will improve cost estimates and confidence in those esti-
mates.

e Urtil a comprehensive model is developed, it is recommended that the Air
Force use the methodology in its current form to estimate the costs of
future engines (that is, of any engines that are acquired in the same
manner as in the past), and to measure how costs might change if acquisi-
tion and ownership were conducted differently.

o In the basic design iteration process, when a new weapon system is under
consideration in the conceptual phase, the military user should be brought
in and given an important role in selecting requirements for the final
design. Commercial airlines are totally involved in the early design of the
product they buy. They know their requirements, their route structure,
and the way they are going to use the equipment. It is equally important
for the military user to do the same and to make his needs known.

« The Air Force should consider conducting detailed tests for all current
aircraft and new aircraft entering the first-line inventory, to determine the
price it must pay for the last percentage increment of performance in
terms of loss in aircraft availability and engine reliability, and cost of
engine repair and overhaul. Once the tradeof(s are established, the Air
Force may still not wish to give up that last few percent, but the cost of 4
sacrificing a degree of durability can be explicitly recognized in future ]
engine design selections and developments. Engine design must take into i
account mission profiles, engine duty cycles, specifications, accelerated
service testing, engine monitoring, and the usage of the data base. An
accelerated lead-the-fleet service test might fit into the new Air Force
development concept in terms of establishing a reliability trend for an
engine. The Air Force is moving in this direction. Previous SAB studies i
arrived at similar recommendations. It was the intent of this study to
present the framework for analysis as improved data become available :
throughout the life cycle. ;

+ Itisrecommended that Air Force begin collecting and preserving disoggre- '
gated, homogeneous, longitudinal data at both depots and bases, associat-
ed with specific engine types. Currently, efforts have just begun to sepa-
rate base maintenance costs by weapon system; and existing studies of
total depot costs for engines do not consistently inciude, along with over-
haul of whole engines, the cost of parts repair during overhaul, the cost
of expendable parts, the full cost of replacing condemned reparables, and
the repair of components received directly from the field and returned to
the field.

PR T R e by par s

A review of operating and maintenance techniques and policies for all using
commands is desirable to assist in bringing on-condition maintenance and power
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management to fruition. Engine diagnostic systems could aswist in obtaining signifi-
cant improvements. Progress is already being made in thie area.

The Air Force can expect to face a problem in the matter of Incentives for the
decentralized developing, using, and supporting organizations responsible for car-
rying out new weapon-system acquisition, operation, and support policies that
might result from life-cycle analysis [20]. High-level Air Force management must
make it clear to these organizations that life-cycle analysis is here to stay. Contrac-
tors must be made equally aware of their role, and the credibility gap between the
military services and contractors must be bridged. The military customer may have
doubts about the contractor’s ability or willingness to use valid lifecycle analysis
in proposing new systems, especially if the results could affect follow-on sales the
wrong way. The contractor must be convinced that the military is serious about
wanting to emphasize qualities other than performance.

But such new relationships, new ways of looking at quality, new operational
and maintenance practices—and, certainly, the new full use of lifecycle analysis—
will not spring into beirg overnight.

If life-cycle analysis is to become a way of life in the military services, and if
aspects of quality other than engine performance are tob » asidered, the services,
the Department of Defensc, and the highest levels of government must lend their
continuous support in the form of both decisions and actions.




Appendix A

IMPCRTANCEKE OF EARLY PLANNING FOR LIFE-CYCLE
DECISIONMAKING

Many people in the defense community contend that almost all the important
decisions defining and committing a weapon system to a total life-cycle capability
and co:t are made by the time the system is approved for full-scale production
(DSARC IID. For instance, Fig. A.1 shows the resuits of a Boeing study of their
experience with several quite varied weapon systems. As indicated, 95 percent of
the lifecycle cost has been defined upon arrival at the DSARC III milestone—
almost the entire life-cycle cost at this relatively early point in time. This implies
that a hardware design of inherent quality and expected capability has already
been specified and developed to a certain state by this time, and all the accompany-
ing decisions on a particular basing posture, mission profile, utilization of the fleet,
logistics support, and manning and training—decisions that se. the desired capabili-
ty and resulting cost elements—have heen made. Later decisions affect some mar-
ginal amounts of costs, such as those arising from product improvement progre.ms,
but commitment to the necessity for these improvement programs is really made
carlier to the extent that the d>sired design is pushing the state of the art in the
early development progran  iearly, one must continue the maturation of the
weapon system after its introuJction in the operational inventory, particularly if
it has been hurried into operational use. Not all the problems can be solved in the
development process, but there has to be some adequate measure of capability at
Initial Operational Capability (IOC); consequently, there is a tradeoff between time
and money spent in development Lo improve capability and reduce cost in operation
and, particularly, the kind of testing employed to obtain this initial operational

5% by end of full -scale
development (DSARC TI)

5% by end of wystem
definition (DSARC 1)

70% by end of concept
studles (DSARC 1}

Comuigtive percent of LCC

Time — o

Fig. A.1—System decisions defining total life-cycle costs

Sauect: Adapted from E. H. Johnson, Prediction and Estimating Methodology The Kev to [emign to
Cout tescerpt). DIS0-19524-1. Design-to-Cost Laocratory. Research and Enqineering Division. Boerng
Acvongace Conpany. 1976, p 7
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capability. Of course, if the military waited until the new system was fully perfect-
ed, they might never get it or it would be obsolete by the time they did; the common
sclution is to accept a middle ground vetween inadequacy and perfection. Most of
the impact of later decisions aimed at improvement in operational service seems
to affect the capability side of the weapon system more than the cost side. A recent
Rand study indicates that once the Air Force is fully committed to a particular
weapon-system design and is implementing that program, the leverage is on im-
proving capability rather than on reducing the cost.!

Does the engine life-cycle cost commitinent look like the Boeing curve in Fig.
A.1? The answer is unclear. Once the design requirements are set (i.e., for perfor-
mance, durability, reliability, and maintainability), cost tradeoffs may be limited.
By the nature of the acquisition strategy selected, a life-cycle cost commitment is
being made even though the designer may not yet fully perceive its magnitude.
Consequently, if decisions are already made, if development and production have
beeun committed in a specific context to a constrained schedule, if endurance at the
MQT has been accepted regardless of the impact on the weapon system and thus
the CIP and modification costs are already assumed to be necessary to achieve a
satisfactory level of reliability and durability, then this figure may obtain at the
component level as well as at the weapon-system level.

Also, at the engine subsystem level, if reliability and durability improvements
can be obtained from spending additional resources earlier and can then be trans-
lated into fewer periodic inspections at the base (and base manpower is reduced
accordingly), and/or into significantly fcwer trips to the depot for overhaul beyond
what was expected in early planning, then the finding that improvements affect
capability much more than cost may not be correct at the component level for
engines. The leverage involved may differ for specific subsystem such as airframe
and engine. This issue needs further research.

' This has been seen in our current A-7D research within the Weapon-System Life-Cycle Analysis
Project. This research seems to show that product improvement programs aimed at improving the
reliability of an existing weapon system such as the A-7D affect capability much more than they do cost.
The study indicates that doubling the MTBF of the weapon system results in a 60-percent improvement
in availability of the system to fly a sortie, but only about a 6-percent redurtion in cost. The message
appears to be that, if one understands early in the conceptual phase what the potentials are ‘or
pertormance/schedule/cost tradeoffs, one can achieve some balance in terms of the most benefit
achieved for the weapon systera at the lowest life-cycle cost. See Refs. 21 and 22, and an unpublished
Raund study by J. R. Gebman et al.
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Appendix B
A NOTE ON DEFINITIONS ANI' DATA SYSTEMS

DEFINITION OF ENGINE

Within the tech order definition of a weapon systemn, the engine falls under
work unit code 23, and the engine parts are described within the work unit code
manual for the specific weapon system. However, among the various weapon sys-
tems in the Air Force inventory, there is no uniformity on what portions of the
engine's related accessories fall within the 23 work unit code context, what portions
become associated with airframe work unit code numbers, and what airframe
accessories are assigned within the engine 23 work unit code number. Care must
therefore be exercised in comparing certain data.

Concern is expressed here not only with the whele engine, but with the engine-
related accessories (for instance, the main fuel control, the afterburner fuel control,
fuel pumps, and gear box), and also airframe-related accessories that may be within
the engine’s work unit code structure. Airframe-related accessories are part of the
QREC, or Quick Engine Change kit; such accessories inciude the starter and avxili-
ary power-units, and in a number of cases for afterburning engines, the afterburner
is assigned to the QEC. When zn afterburning engine is removed from an airframe
to be sent to the depot for overhaul, the afterburner and QEC are removed from
the engine and only the dry engine configuration (including its accessories) is sent
to the depot. The afterburner is considered part of the QEC, but is really an engine
component that can be repaired in the field, and only in very special circumstances
are afterburners for particular engines sent back to the depot for some speciai
overhaul procedure. The propulsion shop can do the QEC repair as well as engine
and engine accessory repair. QEC repair should not be charged against the engine.
But when an engine is removed from the weapon system to be sent to a depot, then
all the work of removing the QEC should be charged to the engine. Another prob-
lem with engine or airframe-assigned accessories is that they may be repaired at
different air logistics centers, depending on whether they are defined as engine-
related or airframe-related, and thus may be captured in a different cost accounting
system. An additional problem at a given base arises if more than one type of engine
is being repaired at that base, which is usually the case. Also, other shops supply
labor to the engine shop for engine repair work. For these reasons, relating base
maintenance cost to a specific engine "~ not a straightforward task. MDC 66-1 will
give direct maintenance hours expended, but not maintenance available or parts
costs. It is a difficult data problem, then, to measure exactly the overall effort
chargeable to a specific engine's maintenance, and thus obtain basc-level costs for
engines 10 term of labor und parts.
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DATA SYSTEMS

: The lesson one learns over and over again when trying to gain a life-<cycle
f perspective of a weapon system is that a large number of data systems must be
] reviewed to obtain the pieces of data needed for assembling an overall picture of
the life cycle. There is pres=ntly a lack of certain ¢|ata in the particular form needed
for analysis, especially ownership data. There is in addition the problem of inconsis-
tency of data sources— .wo data systems that disagree although both supposedly
; obtain the same data ficm the same basic source. Part of the problem may be that
- the two sources do not exactly cover the same time period; perhaps one of the
Ea sources requires more reporting approvals and needs more time to get the data
1 ‘ through channels than does the other. Another reason may be that all the available
data, overseas as well as CONUS, may be in one systen and not in another; the user
may be confused uniess that scope is clearly stated.

The type of data most readily available for this study were aggregated, hetero-
geneous, and cross-sectional in nature; that is, gross, weapon-system level cost
totals for several fiscal years that may not be internally consictent across those
years. Life-cycle analysis requires disaggregated, homogeneous, longitudinal data,
cost data broken down below weapon-system level into specific consistently defined
categories, available over a considerable period of time, such as ten years. Nowhere
in the USAF have ownership cost Jata been preserved for such a period; the
general practice is to save cost data for about three to four years.!

For engines, the best source of RDT&E/CIP and procurement data is the con-
tractor, since he is in the b2st position to break out the detailed cost elements for
each portion of the various costs associated with a particular contract, and he does
save these cost data for many years. These data are valuable to him for analysis
of new engine programs, whereas the military services, because specific contracts ]
may cover a multitnde of items procured by a lump-sum cost, are hard-pressed to 1
attempt a detailed breakout of costs long after the faci. For instance, a given Air k
Force contract may include not only the procurement of v hole engines, but some ;
allotment to spare parts, management data, field support, and so forth. 1

The best data source at present for depot costs appears to be the H036B data -1
system, which Hq AFLC uses to forward to DoD its depot repair costs for aerospace
equipment.? An additional scurce of depot cost data is the DPEM account obtained
from the comptroller at AFLC (G072 data system). The G019 MISTR data (Manage-
ment of Items Subject to Repair) are also valuable. MISTR items concern the repair
of reparable parts for engine overhaul and also for field support of those items.
Under the current AFLC Plan 72-10, certain MISTR costs are now apportioned to
the whole engine depot overhaul cost, so that HO36B would appear to capture an
estimate of the full cost of overhauling & whole engine. MISTR also would have the
detailed costs concerning field support of reparable parts. What is needed at the
depot ieval is not only the whole engine overhaul cost, but also costs for engines

* This is perhapa going to change in the near future; several data systems forthcoming at OSD and
Hi; USAF spparently will preserve costs over a longer period. VAMOSC (Visibility and Management :
of Operating and Support Costs, OSD/1&L) and OSCR (Operating and Support Coet Reporting, AFAC) 3
are now being implemented. it is te be hoped that similar systems will also provide the kind of data
needed at the subsystem/component level.

* See DoDI 7220.29. Data as of 1974 reflect the new system and are of higher quality. Earlier data
are suspect.
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repaired but not overhauled, MISTR costs associated with repair of reparable narts
from the field that are then returned to the field, the costs of modification parts, and
the recurring investment cost of reparables that are added to stock when other
reparables are condemned. Expendable parts, accounted for by the stock fund, are
included in the fully burdened depot labor charge against overhaul and repair of
engine and exchangeables. All these different costs must be included in an analysis
of depot costs.

To obtain cost elements at the base, the Resource Management System, which
uses the 1050 computer, is useful for costs associated with specific base cost centers.
This system will provide the cost associated with operating the engine shop, for
instance. The diificulty in obtaining engine-related base costs is that a single base
may take care of two or more engine types, and the engine shop is not the only
source of labor related to engines. Costs associated with the engine shop involve
work on all engine types at a base, and costs are not separated by weapon system.
Another dats source for manpower expenditure, direct labor expended at the base
to fix specific hardware, is the 66-1 MDC data. These dat.. detail the direct manpow-
er expended to maintain the weapon system, and it is possible to extract the work
unit codes associated with scheduled and unscheduled engine maintenance. But
even here, there are problems. Knowing the man-hours consumed from 66-1 does
not give the full cost of manpower in the engine shop. Utilized manpower is not the
same as available manpower. One way to obtain the full manpower cost is to refer
to the Unit Detail Listing (UDL) to determine the number of people in the engine
shop. The UDL headcount of an engine shop would then reflect the major share of
the cost of base maintenance for ali propulsion on that base. It wonld not, however,
r~Yect the total costs. As previously noted, specialists are often borrowed trom
other shops tc perform wnork on engines; there are other support areas such as
Nondestructive Inspection (NDI) that are almost totally monopolized by the engine
shop; and there is the maintenance effort associated with the ground support
equipment needed to support engine maintenance.

Regarding spare parts, the engine manager at the depot is perhaps the best
source of data, particularly for the reparable parts. He has some expendable parts
costs, but he may not have them all. Depot supply and base supply may have to be
checked to determine what portion of expendable parts is being consumed outside
the engine manager’'s cost accounting system. One of the engine spare parts pro-
grams is the D041 at the depot. In addition, engine-related systems information,
such as D024 for engine data and D056 for weapon-system data, are useful in
providing certain information on engine overhaul times, maintenance man-hours
expended per flying hour, MTBFs, etc.

There have been attempts at bringing all the operating and support mainte-
nance data together. One example is the AFLC data system called Increased Relia-
bility of Operational Systems (IROS), which is intended to bring together mainte-
nance labor and parts costs associated with the depot and the base for a given
weapon system by work-unit code. IROS could not be used for this study since one
of its major problem areas is with engines.* It should be emphasized that a data
system such as IROS could be extremely valuable for life-cycle cost tracking.

? See M. R. Fiorello and P. Konoske-Dey, An Appraisal of Logistic Support Costs Used in the Air Force
IRGS Program, The Rand Corporation, R-1568-PR, February 1975. Suggestions are presented in the
report for improving IROS usefulness.
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Appendix C
DEPOT MAINTENANCE AC VITY

The primary function of the USAF engine depot is to overhaul engines and
accessories to restore them to what is termed a “zero-time” status, allowing the
overhauled hardware to be flown again to the maximum time allowed by mainte-
nance policy decisions. Besides this primery function, several other engine-related
repair activities go on at a depot. They include immediate correction of hardware
deficiencies that are causing safety-of-flight probleme and could result in grounding
of the fleet; minor repairs of engines that do not need major repairs; modifications
to engines to repiace parts that have becn obsoleted for deficiency or reliability
reasons; repair of reparable parts and accessories; and replacement of reparable
parts and accessories that are condemned. To understand the true cost of operating
a depot, all of these activities and their related cost elements must be identified and
accumulated.

The basic engine maintenance philosophy in the Air Force might he termed
“hard time” in the sense that certain maintenance actions are required in the field
and at the depot when a specific number of flying hours has accumulated for a
certain engine model on a particular aircraft, regardless of how well the engine is
operating in the field. For instance, the J79 engine must have a periodic inspection
at an operating base at about 600 flying hours, regardless of how well the engine
is working on the aircraft. (At a minimum, the combustion liners must be replaced
at that time.) For that purpose, the engine must be removed and disassembled and
a spare engine installed on the aircraft. It takes two days to remove and replace
a J79 engine on an F-4 aircraft, and it can take up to several weeks to complete the
periodic inspection. Later on, the engine must go to the depot. at 1200 hours for a
zero-time overhaul, regardless of how well it is operating. These times are not
rigidly fixed; there is an allowable margin of plus or minus 10 percent.

DEPOT COSTS

The major depot cost is considered to be the cost associated with “zeru-timing”
an engine. In this procass, the engine is completely disassembled and the parts go
off in various directions to be reworked, modified, or condemned and replaced by
new parts. Then, ac the “engine nameplate” moves down the depot floor, these or
similar parts come together again until, at the end of the line, the engine is com-
pletely reassembled and is considered to be a zero-time engine; that is, it is capable
of operating for the full MTBO interval ending with its next trip to the depot. Most
of the parts now in the engine probably were not in the engine when it arrived at
the depot.

The cnst associated with whole-engine overhaul is the cost of labor and parts,
including the labor for whatever modifications are incorporated into the engine
while it is in the depot. The modification kit parts cost is not included; it is a
separate account provided as a “free good” to the depot or base, wherever the
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modification is being accomplished. The cost of these kits may be in either the
BP1100 or BP1500 account, depending upon whether the modification is a forced
change (must be done quickly) or can be accomplished ac the next zero-time over-
haul. All of the parts, labor, and overhead, except modification parts for an engine
overhaul, are considered to be within the H)36B cost accounting system, which is
the principal source of depot overhaul costs for this study.! Other sources of cost
data have also been investigated and will be compared to the HO36B cost.
Apart from whole engine zero-time overhaul, some engines require urgent
maodifications at the depot during their operational use in the field. This accurs, for
; instance, when a major design defect. has been uncovered, as when a defect in the
' first-stage turbine of the TF41 engine grounded the A-7D fleet. The problem had
been deemed critical to safety of flight and therefore had to be corrected before the
aircraft could be restored to flying status. Such modifications are non-zero-time
modifications because the rest of the engine is usually left alone. Other critical
modifications may be added to the work package, however, and incorporated con-
veniently into the engine at the same time. Data on these activities are also part
of the HO36B system.

In addition to these two costs, a considerable depot cost is associated with the
repair of parts and accessories of a particular engine that, go through the MISTR
line (Management of Items Subject to Repair), but that are not incorporate into
a whole engine overhaul. These are parts that come in from a base for repair, go
through the MISTR line, and then go back to the base. These repair costs must also
be considered in the engine life-cycle cost. In addition to MISTR, which is confined
to component repair (e.g., a compressor rotor), are the associated 72.10 costs for
repair of all parts not considered components.

Table C.1 lists man-hour forecasts for work related to engine overhaul and
MISTR field support for six engine programs, furnished by the Oklahoma City Air
Logistics Center. The estimates are for a planned FY 1976 workload. These are
planning figures, not actual data from previous years. There appears to be an
enormous difficulty in obtaining actual costs from previous years for MISTR field 1
support. It requires a large manual effort ai the depot to separate MISTR field-
support charges from overhaul charges for a given engine program. Such historical
data were not available for this study; consequently, to proceed with the task of
trend-analysis, the estimates for 'Y 1976 have been used as a rough approximation
to obtain the additional effort cequired at the depot beyond overhaul cost to support
the repair of exchangeables from the field. Actual costs must be verified later to
determine the accuracy of that portion of the analysis. From the ratios in Table C.1, j
it can be seen that the MISTR field support is a very significant portion of’ depot ;
activity and raust be considered in estimating the cost associated with depot repair
for engines. Total lack of data in the MISTR area over time precludes answering,
in this study, interesting policy questions concerning the effect of JEIM return
rates, cost to the depot of field support, and the effect of designing an engine for
field maintenance.

' This accounting system was initinted by DoD Instruction 7220.29, Unifeem Depot Mainienance Cost :
Accounting and Production Reporting System, October 28, 1968, which wus iater amended in October '
1975, The new edition will now provide the guidance in accounting for and reporting (he costs of depot
maintenance iand maintenance support. Because the first veur covered by the Handbook willbe FY 1977,
data from the new system will not be available untii 1978
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Table C.1
Engine
Engine Field Total Engine
Ovwerhaul Support Depot QOverhaul/
Engine Man-hours Man-hours Man-hours Total Depot
357 650,628 487,028 1,137,666 0.57
J76 237,150 109,979 347,129 0.68
J19t 365,721 76,587 442,308 0.82
TF30 786,325 277,986 1,064,311 0.74
TF33 445,666 130,885 576,651 0.77
TF41 386,430 76,070 762,410 0.90

Mncomplete.

Finally, there are the material purchases. Of concern are the modification parts
] mentioned (BP1100) and expendable (SSSF) and exchangeable materiais (BP1500).
' All expendable materials costs related to a particular engine may not enter the
engine manager’s cost accounting system within the Support System Stock Fund
(SSSF), but may be in the depot supply system or base supply system because of
direct purchases by these supply organizations from the prime organization respon-
sible for those particular parts, which may not be the Air Force. The prime could
3 be the Army, the Navy, the Air Force, or the Defense Supply Agency. Table C.2
] presents cost data on expendable materials for three fiscal years. The costs are for
families of engines, not broken down by application. The costs are significant and
can vary widely from year to year, depending on funds available, problems with
engines, and parts defined as expendable in any given year. A charge is levied in
the “loaded” lavor rate for a particular engine at the depot to account for expenda-
ble materials used in overhaul or reparable repair. Table C.3 presents current labor
rates for selected engines at Oklahoma City Air Logistics Center. Note the substan-
tial charge against materials that are of the SSSF expendable type. One problem
is whether this cost by family fully charges engines on the basis of their application. :
An assumption in this study is that the depot is capturing the major portion of SSSF {
costs for parts consumed in the depot and/or shipped to a base, and that the base 3
is adequately capturing its share. Thus, parts that might be lost in accounting have f
a negligible effect on total cost. A problem with previous studies has been the use 3
of labor rates of about $10 to $15 per hour when calculating depot labor costs. Table 3
C.3 shows a range of roughly $25 to $40 per hour. Without the expendsable materi-
als, labor rates are still $18 to $24 per hour.

Also of concern is the cost of the modification kits, parts that are not included
in the overhaul costs. There is a BP110.) account, but because engine costs are not
separated from the total weapon-system rost in this account, BP1100 costs do not
appear to be available that can be directly related to at least an engine family. This
should be attempted in the future. Presently, to obtain such costs, it would be
necessary, for a given engine family, to go back over the entire history of thac
engine in order to gather together all of the engineering changes that occurred ,
during its lifetime. That would be an enormous undertaking at this time. In the !
future, it would be valuable to maintain such records separately and keep ac-
cumulating them over time for a new engine. These ECP costs should originate at
the beginning with the SPO and ontinue on through the engine manager at the

o f —ed



81

Table C.2

EXPENDABLE MATERIAL CosTs, SSSF
(*n millions of 1975 dollars)

Engine FY 78 FY 74 FY 75 Average

J67 28.21 18.96 14.31 20.49
J76 6.61 5.97 3.72 5.10
J79 21.07 20.99 24.37 22.14
TF30 7.21 9.20 14.16 10.19
TF38 4.72 7.86 5.46 5.84
'I‘F41. 13.40 7.94 23.09 14,81
Total 80.22 70.40 85.09 78.67
Table C.3
LaBOR RATES

(In 1975 dollars)

Item J57 J76 J79 TF30 TF33 TF41

Labor 9.234 9.293 9.110 9.234 9.538 8.436
Material 6.060 6.942 6.006 15.828 9.284 14.204
Other 13.210 14.186 11.791 13.191 13.366 10,590

Total 28.504 30.421 26.907 38.263 32.188 32.230

depot when the transition of the engine from AFSC to AFLC occurs, thus maintain-
ing a total time track of modifications to the engine throughout its history.
Reparable parts purchases required to replaced condemned variables at the
depot should be fully captured by the engine manager (in what is called the BP1500
account). These costs, at least by engine family, are available and must be consid-
ered an additional charge against the total maintenance cost at the depot for an
engine. Table C.4 presents three years of data for selected engine families. Again,
the costs can vary widely from year to year and they cannot be tracked to specific
applications. The wide variation can depend on problems related to engines, fund-
ing availability, and the use of these funds in purchasing new parts. They are
sometimes used for BP1100-type purchases if the modification is not “forced™ to the
depot imnmediately or if parts are second-time purchases, not initial purchases.

DEPOT REPAIR COSTS

The primary measure of benefit used in this study is the engine flying hour. In
examining an engine life cycle, there are two views of this benefit for estimating
costs at the depot: the flying hours consumed by the operating fleet and the fl:"ing
hours restored to the fleet by zero-timing at the depot. Under steady-state condi-
tions, it is to be expected that demand equals supply and that consumed flying hours
(demanded by the user) would approximate restored flying hours (supplied to the
user from the depot). This can be seen from the data in Table C.5.
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Table C.4

Cost oF REPLACING CONDEMNED REPARABLES,
BP1500 Funps
(In millions of 1975 dollars)

Engine FY 78 FY 74 FY 75 Average

457 61.36 22.93 41.84 4202
J75 2.64 1.91 10.50 5.02
J79 16.78 9.50 11.61 12.63
TF30 26.08 25.31 27.38 26.26
TF33 18.53 6.96 10.17 11.89
TF41 10.36 15.30 11.80 11.82

Total 135.75 79.91 113.30 109.66

Table C.5

FLEET ENGINE FLYING-HoURs CONSUMED AND
REsTORED AT THE DEPOT, FY 1974

Fleet Ratin
Engine No. of Average Engine Flying hr
Flying hr Engines Time to Flyisg hr Restored/
Engine Aircraft Consumed Overhauled Overhaul Restored Consumed
J57-P-19/29 B-52D 375,936 113 3,666 414,258 1.1
J57-P-21 F-100 91,383 167 752 125,584 1.37
357-P-43 KC-135 801,715 358 3,273 1,171,734 1.46
J75-P-17 F-106 59,527 77 874 67,298 1.13
J79-GE-15 F-4C/D 577,821 452 948 428,496 0.74
J79-GE-17 F-4E 307,141 265 1,057 280,105 0.91
TF30-P-3 F-11i 100,452 137 556 76,172 0.:¢
TF30-P-100 F-111 37,946 18 374 6,732 0.18
TF33-P-3 B-52H 296,009 101 2,880 290,880 0.98
TF33-P-7/7TA C-i41 1,242,214 207 6,934 1,435,338 1.16
TF3C-GE-1/1A C-5 189,336 113 1,200 135,600 0.72
TF41-A-1 A-7D 111,405 '+ 115 333 38,295 0.34

DEPOT REPAIR COSTS SUMMARIZED

The full cost of engine depot repair activity is the sum of the costs associated
with zero-timing, the repair line, field MISTR support, modificaticn kits, and the
replacement of condenined reparabies. It was not possible during this study to
obtain costs associated with modification, kits (the BP116Q money) because the
funds were not broken down below weapon-system level. These costs must be
obtained in the future to improve the perspective on total depot costs. Two separate
data sources were compared in arriving at depot repair costs; {1) the H036B ropair
cost, MISTR estimate, and BP1500 cost, and (2) the DPEM account and BP1500.
(Total DPEM is supposed to conzain all MISTR costs.) The two sources (HC36B and
DPEM) indicate differciii costs and flying hours. Thus, a range of costs and flying
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hours is obtained for the depot repair activity, as shown in Table C.6. Table C.7
presents the results of comparing the H036B and DPEM data, showing costs esti-
mated for both fiying hours consumed and flying hours restored. For the mature
engines, the costs fall within a reasonably narrow range, thus describing a fairly
steady-state situation, whereas for some of the engines that are in their earlier
phase of life cycle and not as mature (i.e., the TF30, TF39, TF41), the cost compari-
son Letween consumed and restored hours shows a wider range. There is some
difference among the various engines when the two data sources are compared. It
is interest.ng to note that dollar totals for all engine activities vary by less than 7
percent betweer: the two data sources and estimates (See Table C.6).

Table C.6

Cost DATA COMPARISON
(In millians of 1975 dollars)

DPEM Costs
Engine (reported) Engine
MISTR Flying Flying
HO36B & MODS Total Hours Engine Total Hours ]
Engine (reported) (est.) Cost (DO24) Engines Access. Cost (DPEM) 3
J57-P-19/29 6.6 4.2 9.8 376,936 3.59 8.13 11.72 284,032 \
-21 9.6 7.2 16.8 91,383 5.04 1.97 7.01 85,941 :
-43 20.3 15.2 356.6 801,715 17.89 13.41 31.30 868,632
J75-P-17 5.6 2.6 8.2 59,627 1.86 8.20 8.06 60,089 P
J79-GE-15 26.6 6.6 32.2 677,821 15.29 20,97 36.26 838,342 ;
17 123 2.6 14.9 307,141 —_— _ —_ —_— 5
TF30-P-3 10.0 4.3 14.3 110,452 6.18 8.91 15.09 160,668 k
P-100 3.0 2.0 5.0 37,946 —_— — -_— -_ !
TF33-P-3 6.4 1.9 8.3 296,009 1.92 6.37 7.29 26¢,296
P-7/7A 4.7 4.3 19.0 1,242,214 g3.72 31.86 35.67 1,162,764 |
TF39-GE-1/1A 19.7 2.0 21.7 189,336 3.28 14.62 1790 177,380 3
TF41-A-1 8.3 5.5 13.8 111,405 10.95 4.75 15.70 18,071 ¥
Table C.7 ;
El
Depor Cos't Per FLyiNG Hour 3
b
HO36B Totals DPEM Totals _ 4
Engine $/EFHC $/EFHR $/EFHC $/EFHR ;
JP67-P-19/29 36 36 b1 38
J57-P-21 194 165 92 66
J67-P-43 54 46 46 37
J756-P-17 167 146 163 139
: J79-GE-16 67 83 | 64 62 3
J79-GE-17 60 64 () u
! TF30-P-3 266 296 217 4056 E:
: TF30-P-100 2656 €22 ("{ !
TF33-P-3 32 32 31 29 f
TF33-P-7/7TA 19 17 35 29 4
(i TF39-GE-1/1A 126 166 111 142
i TF41-A-1 248 386 320 529
E ‘ 8DPEM data are for a combined weapon system (e.g., all F-4 aircraft)
{ and cannot be separated by engine dash numbers,
j.
i
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Appendix D
BASE COSTS

The engine costs at the base are related to maintenance labor, parts, and
support for the following activities: unscheduled maintenance in the shop, includ-
ing removal and replacement of engines and accessories; periodic scheduled
muaintenance (including base-installed modifications); engine test checkout before
reinstallation; and removal and replacement when an engine is to be returned to
the depot. Judging from 66-1 MDC and D056 data, it appears tha. from one-half to
two maintenance iman-hours per flying hour are required for maintenance labor on
the engines of a variety of weapon systems in the Air Force inventory. In using the
66-1 data, however, one must be careful to include all engine-related work—the
scheduled as well as the unscheduled maintenance. Also the data from 66-1 repre-
sent labor utilized. When engine shop personnel available are counted, the mainte-
nance labor available is on the order of one-half to two maintenance man-years per
possessed engine on the base; this can trr. slate to froin three to six maintenance
man-hours per flying hour, depending v-. 1 the particular weapon system and its
flying hour program.

Available manpower is what the Air Force is peying for in terms of the total
maintenance labor cost. The Air Force has a policy on the necessary manning for
a wartime contingencyv, and pays for that level even if it is not fully utilized in
peacetime.

There are additional considerations in attempting to understand the mainte-
nance workload for a particular engine. Maintenance labor associated with other
shops is used for eagine-related work. Included in this category would be Nonde-
structive Inspection (NDI), for which specialists are drawn occasionally from other
shops such as welding, fabrication, or electrical, and the muintenance associated
with peculiar and common aerospace ground support equipment required to sup-
port the engine. These considerations would add to engine-related labor. On the
other hand, other considerations might cause engine labor to appear larger than
it really is. Because the one propulsion shop at a base handles all engines present
at the base and does not keep separate records by engine type, it is difficult to sort
out engine-specific maintenance data (unless, of course, only one engine type is
present at the base). Also, it appears that one-fourth to one-third of base engine
shop labor may be expended on Quick Engine Change (QEC) items. QEC items are
airframe-related accessories that are mounted on the engine for convenience in
removing and replacing the engine. A problem for the analyst with QEC labor is
to determine whether an airframe accessory had to be removed to get at the engine
or whether there was a problem with the accessory itself. It is difficult to do so with
existing data.

Concerning parts costs ut ¢ base, the same kind of data problems arise as
encountered at the depot. Reparables appear to be accounted for, since they do flow
through the depot, the cost of repair is cantured there, and reparables are con-
demned at the depot. When they are repaired at the depot, costs for labor and parts
are captured in the HO36B system if included in a zero-time engine overhaul, or are
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in the field support MISTR or 72-10 accounts if a component or part is returned
dirsctly from the field. The overhaul of an engine is charged with 20 percent of the
current list price of the reparable part (based on latest purchase price, which could
be several years old) when such a removed reparable is exchanged for a repaired
reparable. Condemnation costs for replacing repurables are supposed to be in the
20 percent factor but sire not adequately covered there. Their coat is captured by
the BP1500 investment account. The difficulty comes in fully accounting for the
expendable-parts consumption related to engine repair at the base: identifying
what is supplied from a dapot and what the base buys directly offbase from whoever
may be the prime agency for a particular stock number (which could be the Navy
or Defense Supply Agency rather than the Air Force). Thus, supply cost can be
found within the RMS system for a particular cost center like the engine shop. But
that total cost (which includes consumables, expendable parts, and other general
supply items) will be the total cost for supporting all of the engines at the base, and
breaking it out in terms of a particular engine may be difficult. How nre these costa
to be apportioned for the various engines at a baas?

An additional cost area is the base operating support: supply, wing overhead,
clerks, technicians, military police, civil engineers, hospital, and transportation
people. and materials they all use, are not within the engine shop but are required
on the base to support engine-shop personnel and engine work. These also represent
an additional cost. To the extent that training at the base is reprosented by OJT
(On the Job Training), this cost is picked up by the headcount of the propulsion
shop. Off-base training is not considered here.

There appears to be no single integrated data source for all costs rclated to
engine maintenance at a base. This study has used data from a variety o "sources
to estimate the base labor and parts cost:. for selected engines in the Air Force
inventory.

At present, it appears that one way to estimate the base cost of maintenance
labor {or an engine is to examine the UDL. Available labor is what the Air Force
is paying for. The data from several selected bases indicate that maintenance labor
will vary from one-half’ io two maintenance man-years per possessed engine, de-
pending on the particular engine. Some administrative and support costs must be
added to this direct labor cost (a 50-percent add-on is assumed here). Thus, one
maintenance man-vear is estimated to cost $10,000 in direct labor and an additional
$5.000 in indirect costs, for a total of $15,000. Expendable parts must be estimated
(& range of from more than $1,000 to less than $5,000 per engine per year is possible
for first-line engines depending on the engine)! from an examinution of BMS, depot
supply. and engine manager accounts. This total base cost may not be as large as
depot costs for most engines, but is still significant.

An effort was made to relate base costs obtained (rom estimates of propulsion
shop manning and supply expense to parameters of interest in order to obtain a
base cost-estimating relationship. The range of costs obtained are shown in Table
3.20. The maintenance man-years per possessed engine ranged from one-half'to one
for most engines in the inventory. Supply expense varied as shown in the table. An
average value was then used in generating cost-estimating relationships. The spe-

' For instance, the JT9GE17 on the F-4E at Seymour Johnson AFB, North Caroling, requires about
two-thirds maintenahee man-vear per posacssed engine on the base, and supply accounta indicate abowt
$1500 per engine per voar in expenditures for FY 1978,
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cific data are presented in Table 3.21. The results in Table 3.22 are interesting in
indicating explanatory variables, but the model, due tv the nature and limitations
of the data, should be viewed cautiously. For base maintenance costs, MTBO (the
policy-determined maximum tirae between depot overhaul) was most significant,
entering the relationship negatively. Thus, efforts t2 extend s{TBO would reduce
base costs, since periodic scheduled inspections are directly related to MTBO and
are a significant portion of propulsion shop activity. CPSPAN antered positively;
the longer an engine is in operational service, the more costly it is to maintain at
the base. CPUSP entered positively; the more expensive the engine, the rore it
costs to maintain at the base. It therefore appears that efforts to inccease MTBO
o (through on-condition maintenance using engine health monitoring or diagnostics
systems) and decrease the engine »urchase price could work toward lowering base
maintenance cost. As discussed previously, production learning and state-of-the-art
effects could be considered to be included indirectly through CPUSP. Again, it must
be emphasized that this model represents only the grossest cost estimate for the
base. An improved model must await better data from new or improved base
data-collection systems and detailed examination of base-level data.
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Appendix E
SPARE ENGINES AND OTHER COSTS

Spare engines add approximately 25 to 50 percent to the installed engine in-
ventery in the Air Force. Table 3.23 presents a list of installed and spare engines
for selected systems. These engines account for at least 20 percent of the total

procurement cost of engines for a weapon aystem. They also have the effect of

diluting the number of expected flying hours per engine over the life cycle. Thus,
an engine designed and purchased with the expectation of operating for 5000 flying
hours within a specified time period will probably fly only around 4000 hours during
this period, on the average, if the cngine has 1 25 percent spares ratio. The spares
retio appears to be application-oriented in that, as can be notzd irom Table 3.23,
the lower perventages appear to apply primarily to subsonic transport and bomber
aircra®t while the higher percentages pertain move to supersonic applications. The
cost of spare engines can be handled directly when computing the total cost for a
quantity of engines procured during a weapon system’s lifetime, as discussed in a
previous section of this report. Spare engines bought during the same perviod as the
installed engines sheuld have the same progress slope applied, and indeed, should
help in reducing the cost of future engines. The spares merely add to the quantity
of installed engines to be bought. But how many spare engines do vou buy?
There is a specitic computition to obtain the number of spare engines required
for a weapon system.' On the basis of factors such as programmed flying hours,
number of installed engines on the aircraft, number and location of operating bases,
and where certain repairs of the engine are to be made, a requirement is estab-
lished for a specific number of spare engines at a given base and the engines

required to fill the pipeline between the base and the depot. Specific numbers of’

days are estimated for the time it will take a base to turn an engine around at a
base and a depot to process an engine at overiiaul. The spare engines serve as
replacements for failed engines that are removed for repair. A fill-rate objective is
specified in terms of the ability to meet the demand for a spare engine. If the
demand cannot be met, it is called a back order, which is defined as an aircraft
requiring ¢~ engine. With the fill rate and a certain number of spares at a base, an
expected effectiveness rate can be calculated—that is, the rate at which aircraft
have their spare engine requirements satisfied and again become operational. A
confidence level is also associated with this process. For combat aircraft, the confi-
dence level is required to be 80 percent. Spare engine requirements are estimated
on the basis of the minimum quantity of engines essential to support the pro-
grammed peacetime or wartime engine operation, whichever is greater. Since
wartime {131ng 18 usually programmed at a higher rate. it is to be assumed that the
spares are applicab'» to the wartime posture. Thus, spare engines are intended to

' The stundard computation procedure is DoD’ 42304, Standard Method for Commputation of Spare

Aircraft Engine Procurement Requirements. The Systems and Resources Management Advisory Group
also studied the spare engine situation und recommended reexamination of spare engine procurement
with the iden that the Air Force might be uble to reduce spate engine procurement without degrading
combat support capability.
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reflect wartime requirments in terms of a fill-rate objective and effectiveness rate
at some confidence level. Usually, more spare engines are purchased early in a new
weapon-system program, and then phased down to the computed requirement as
experience is gained. But the computed wartime requirement could still be higher
than is necessary, particularly if appropriste consideration is given to attrition and
duration of thu conflict.

Current planning estimates by which spares are computed indicate that en-
gines should be turned around at a base in about 7 to 10 days and overhauled in
about 30 to 40 days; but current experience indicates that it takes anywhere from
2to 21 days to turn an engine around at a base, and a’sywhere from 27 to 114 days
to process an engine through overhaul. Data are shown in Table E.1 for selected
engines going through overhaul during FY 1975, The basic reasons for the large
delay times are lack of parts and the requirement to retest engines that were not
abls to pass a check run at the end of the overhau! process. The additional delays
these engines encountered at the depot. where some engines took two to three

Table E.1
Depor FLow TiME, FY 1975

Standard Actual Cuause % Delays
Engine Days Days of Delay Due to Cause

J57-19 38 114 rejecte 82
-21 38 70 rejects 72
-o3 38 —

-39 38 94 rejects 7
43 38 44
-58 60 68
87 35/45 —_—

J75-17 40 90 parta 50
19 40 89 parta 89
-19W 40 73 parts 89

J79-11 60 —

-16/15A 32 29
32 32
17/17A OC 32 67 parts (1]
8SA 32 7
TF30-P-3 k1.3 92 parts 13
7 36 66 parta 82
P9 k1.3 33
-P-100 3 1] parts 82
TF33-P-3 40 —
P8 40 —
P-TA 40 49 parts; 3b
rejecta 49
9 40 —_
$-100 40 87 parts 88
TF39-GE-1/1A 40 56
TF41-A1 36 46 parts 76
-A-2 36 52 parts 68
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times the standard, suggest that more spurc engines would be required in th
system in order that engines be available at bases for the we tpon system to main-
tain its operatioral status. For these engine , delays were evidently tolerated by
the users, who were evidently still meeting peacetime flying requirements for the
most part. It could be concluded, then, that a wartime spares posture in peacetime
operation allowa considerable slack in the system, permitting the system to relax
and perhaps ever. to buy fewer spare part: if there is a budget problem.* The
original wartime spare engine requirement evidently meintains the system in a
spares-rich situation in peacetiine. Thus, an analysis of spaic engine requirements
must deal with a wartime scenario as well as peacetime flying, not only on the basis
of the flying hour program, but also on the ability of the support system to respond
by providing engines in time periods considered more reaso::zbly close to the
standard. In a wartime situacion, the question iz whether the aepot can provide
engines within the 30-day standard used for computation. A further question is
whether, in a wartime scenario, the effect of attrition will {2nd to iower the nuraber
of spare engines required.’

There would appear to be a iradeoff between whole spare engines and spare
parts storkage necessary at base and depot to minimize cost and time delays for
maicnance performed. One ;roblem is that many support decisions are made
early in the development of a new engire, prior to flight testing and operational use.
Paper estimates are used in determining some of these support requirements.
When flight testing and operational use indicate different problems, i.e., different
failure modes for *his particular engine as opposed ta similar engines of the past.
it is by this time very difficult and expensive to change the support pnsture. An
additional cost, or lack of benefit, is the time an engine is oui of commission for
repairs and requires a spare engine to replace it in the weapon system. If this
out-of<commission rate could be reduced, spure engine requirements could be re-
duced and. perhaps even more important, the availability of the weapon system
could be increased. And if an engine could be turned around faster at a base or
through the depot pipeline, spare engine requirements could be reduced. The depot
repair cycle is the longest period of time that an engine would be ¢xpected to be
out of commission.

This area of spare engine requirements appears to be fruitful for research.
What is the real requirement for wartime spares? How many engines are required
and what level of protection d¢ these engines furnish if attrition is considered?
Wkhat actions can be taken in a wartime contingency to alleviate any shortage in
the early days—for instance, in the short term extending periodics and delaying
MTBO removals, while in the long term procuring more parts and spare engines
and allowing work force overtime at the base and depot? The NRTS policy (Not
Reparable This Station) should aiso be examined critically in the early stages of
engine design. The NRTS policy is basically an agreement between the base and
the depot concerning the level of repair activity each will accomplish for a particu-
lar engine program. In some instances, this policy can work counter to the produc-
tive, efficient use of engines. For instance, if a base is short of a part and is not going
to get it for some time, the base may simply decide to ship the engine to the depot

* Note the fluctuation in SSSF and BP1500 tunds for these engine families, presented in App. .

3 A current study in Rand's logistics program suggesta that it will. A dynamic transition and wartime
scenario provided different results from those in an assumed steady-state situation.
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[ in exchange for a refurbished engine, even though the depot imay also be short of
f that part. In that case, the engine will have to sit at the depot, and when it does
3 get the part, it may then have to go through overhaul earlier than if it had not been
shipped from the base.

! Commercial data indicate that the airlines use fewer spares—on the order of’
¢ half the spares that the military use for a comparable application. Table E.2
presents selected commercial data taken from Ref. 8. Data also indicate that the
airlines process their engines through the shop much faster. The ¢irlines know they
are tyving up valuable assets when their engines are going through the shop, and
. therofore make every attempt to gzt them out within 15 to 30 days. In fact, for the
-t high-bypass engines, they strive tor a two-week turnaround. The modular design
' of these engines speeds up the process, because work can often be confined to only

those modules needing repair.

Table .2

COMMERCIAL JET ENGINE INVENTORY

All Airlines  United American TWA

Installs 7734 1203 823 901
Spares 1044 153 120 99 3
Total 8778 1366 943 1000 A

SOURCES: For all airlines: installs from Certified Route
and Supplemental Air Carrier Flee! Inventory on June 39, 1975,
CAB, September 12, 1975, spares estimated at 13.56% based
on composite of United and American actuals. United Air
iinas, Aircraft and Engine Inventory as of August 22, 1975;
includes 56 ingtalls from two other airlines as per pool arvange-
ment. American Airlines, Aircraft and Engine Inventory as ot
August 1, 1975. For TWA, installs: CAB report cited above;
spares: TWA estimate for engines and modules as of July 11,
1976,

Table is taken directly from Ref. 8,

e 2

In the case of military engines, which are currently taking two to four times
longar than expected, either more spare engines must be in the pipeline (the situa-
tion is spares-rich for peacetime operation) or aircraft must be down becnuse of the
lack of engines (which does "ot seem to occur). In either situation, the weapon
system incurs an additional cost related to the additional pipeline time. A questicn
the logistics planner may wish to consider in that situation is whether it would be
beneficial to buy more spare parts that are in short supply to reduce the pipeline
time, thus not requiring as many spare engines and nct having aircraft down for
the lack of an engine. (To estimate the cost of aircraft downtime, one approach
would be to take the total life-cycle cost for a weapon system and divide by the total
number of days the system will be operational in its life cycle.) 1

AS a possible way to speed the pipeline, the Air Force should review the deci-
sion ' ules applicrble to testing engines at the depot to affirm that they meet oviginal
sy 2cifications. Perhaps the specs could be relaxed for older engines that have been
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completely overhauled. The risk is these engines may end up being returned to the
depot with fewer flying hours accumulated at their next visit. That risk would have

to be weighed aguinst the coat of delay, the cost of spare engines, and the cost of

aircraft downtime. Another possibility ix to design more temperature margin into
the engine during development. MIL-5007D appears to be heading in that direction.

Spare parts shortages may be due to several possibilities: (1) The engine is less
veliable than anticipated, and not eaough spare parts were procured. (2) Budget
conatraints torced a reduction in spare parts procurement for a given year. (See
BP15O0 funding tor three recent fiscal years. In FY 1974 it was considerably lower
than in FY 1973 or FY 1975 (3 Spare parts may be plentitul at the depot, but they
are not the right ones because a particular component has been moditied and the
depot is waiting for the modified parts, This is another reason tor tryving to deter-
mine az many engine reliability problems as early in the lite eyele as possible so
that the initial operational reliability is high, the entive inventory does not have
to be modified because of a severe problem, and large quantities of parts procured
carlier do not become obsolete.

The new modular design engines, such as the F100 on the F-15 and the F101
on the B-1, are intended to sigmificantly reduce the requirement tor whole spuare
engires. The objective here is to be able to “swap out™ modules in the field and
vepair them at the base or depot; thus spare modules are reqaired, but nov entirve
spare engrines. This should help to reduce the cost of the inventory, it indeed this
practive is accomplished and “"swapping out™ turns out to be a reasonable thing
do. As yet, the military has little experience with this procedure, but there is some
commercial experienc? indicating that it is valid. TWA does “swap out™ modules
for the RB-211 engine on the L-1011 aireraft at their maintenance base in lLos
Angeles rather than at their main facility in Kansas City.,

In summary, the military apparently requires 25 to 50 percent spare engines
in their inventory: the commercial airlines appear to make do with tewer spares
for a comparable application. Part of the reason for this has to do with the depot
pipeline repair time previously discussed: Airlines try to turn comparable engines
around within 15 to 30 days. The Air Force is currently having ditheulty turning
engines around in 45 to Y days. Besides the pipeline time and the additional spares
needed for the pipeline, there is a requirement that there be additional spares at
each Air Force base (from 6 to 12 spare engines are usually at an operating base).
The airlines ilso must maintain spares at bases, but their stockage policy appears
to be much lower. The wartime scenario computation requiretient appears to be
the driving factor resulting in a large spare engine inventory for the Air Foree, This
area appears to be a fruittul one for future research.

The cost of spare engines is really an ownership cost. They are needed to
support the users' flying program. They should be identitied separately in any
life-cyele cost pie. For early planning purposes, the cost can be most readily ob-
tainod by caleulating the cost of total procurement of all engines tor a given pro-
gram and then separating the installed and spares costs in proportion to the num-
ber of nnits purchased for each purpose. This will allow whatever learning there
is in production to be applied to the spare engines as well as the installed engrines.
No parametric model was obtained in this study to enable an early planner to
predict the appropriate spares ratio for a particular application,
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‘ OTHER COSTS
| Other operating and support costs besides denot and base maintenance (and
fuel and attrition) contribute to the total life<cycle . st of an engine. They include:
1. ECP and modification costs
2. Transporation
3.  AGE and tooling ]
4.  Management
5. Training
‘ 6. Fuel
N 7. Attrition
8.  Facilities
The CIP includes the engineering design and testing of’ hurdware chunges for n
engines in operational use. The costs of the new parts are a separate procurement

and may be contained in the weapon-system BP1100 account or possibly alse in the
BP1500 account. Thus, it is not clear what modification parts costs have or have not
been adequately captured. It would appear that if an engine is forced to return to
the depot prior to an overhaul, then modification kit parts would come under
BP1100. If, on the other hand, the engine is allowed to remain in the field until it
comes back to the depot through normal processes, either by failing or by reaching
MTBO. then modifications to be incorporated in the engine at the depot may actual-
ly have been purchased under the BP1500 investzaent account. Thus, it 1z difficult
to truly identify costs associated with modifications. And because the engine-relat-
ed costs in BP110C are not currently broken out of tne overall weapon-system
account, it is a laborious task to identity the BP1100 in the depot account. It does
appear that the labor installation cost is captured at the depot within the HO36B
data syatem, and at the base by the propulsion shop people. What is not captured,
or at least fully captured, are the costs of the new parts. It is recommended that
the eagine manager obtain these costs in the future. As a convenience, they could
probably be assessed against the overall cost at the depot (even though installed
in the field), since the cost is an investment cost and would be under the engine
manager's account, and therefore not a cost that the base incurs. What is important
is to keep track of the parts and maintain the identity of the cost for those parts.
In additio:, modifications must be tracked, not only througk AFLC after operation-
al use, but also right from the beginning at the SPO as soon as inodifications begin
with development and testing and initial operational experience. Mod-kit costs ior
engines should be obtained by the year purchased, even though the kits are not
necessarily installed in that year. The main thing is that costs are included and i
there is a consistent procedure.

With regard to transportation, data indicate that the cost of shipping engines
from a base to a depot and back will not exceed 1 to 2 percent of the depct cost for
overhaul; the cost therefore reflects significantly less than 1 percent of the total
life-cycle cost. An engine manager should still be alert to saving costs and reducing
shipping time, since he is dealing with a very valuable asset. ;

The procurement of aerospace ground equipment and tooling, and the recur- ‘:
ring investment in parts to maintain them, are currently small compared with the
total life<cycle cost of the weapon system: They too should account for significantly
less than 1 percent of the total cost. For the new operational F-15 wing at Langley
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Air Force Base, for instence, an investment of $1.2 millior was required for the
supporting ground equipment snd tooling for the propulsion shop, whereas the
value of the engines in the inventory tor that wing alone will exceed $300 million.
It engine health monitoring aystems come into use on a wide scale, and are consid-
ered peculiar support equipment, this factor may grow tor future engines.

The management of technicul dawa—the paperwork associated with Changes to
the engine and maintaining parts inventory at the bases and at the depot—is also
small relative to total life-cycle cost: again, significantly less than 1 percent.

In the propulsion shop, most personnel training will be on-the-job training. A
graduate of an engine mechanic school, fresh from Air Force basic training and

. assigned to his first base, is a 3-evel mechaenic. He then obtaing en-the-job training
and experience by working under the direction of 5- an. T-level specialists, and is
expected to become a S-level specialist within a year. OJT is not speciticatly broken
out in 66-1. All entries are considered actual work whether OJT was hadpening or
not. In terms of training cost, this study does not consider initial training tor
replacement of attrition due to manpower turnover in the Air Force. Turnover can
be as high as 20 percent per vear, and this training cost will vary from weapon
system to weapon system. It could range anywhere from 5 to 15 percent ¢f a weapon
system's total cost it all appropriate training charges are levied against it. This
study does not charge theze training costs against particular weapon systems. :

Fuel cosat mwust be identified separately. It is, of course, highly sigmificant to the ’
total cost of the weapen system and dependent upon the performance parameters
chosen for the engine; but it is also highly dependent upon the wission profile and
use of the weapon system, an. thus must be identified separately and not lumped
inle seme aggregate engine operating and maintenence cost at a vase,

Aircraft attrition also should be identified separately because of the highly
dependent attrition rate concerning weapon-system configuration, the number of
engines vn the aircraft, and its mission. For instance, it s expected that a single-
engine aircraft will have a higher attrition than a twin-engine aireraft, and a fighter
wiil have higher attrition than a mlti-engine transport aireratt. This cost n:ust also
be clearly identified separately.

Facilities costs will depend strictly on the system's peculiar needs and the
availability of comparable facilities in the Air Force. Occasionally, new tacilities are
required to replace those becoming obsolete; but new syatemis do not necessarily
require new facilities. The cost analyst must judge whether new tacilities would
have been bought 1n any case, regurdless of the weapon system using them.

When all of the above costs are included in a total weapon-system life-cycle cost
analysis (excluding fuel and attrition, and initial training replacement), it would
appear tnat they currently add not more than 5 percent to ull costs previoualy
discussed. In othker words, increusing the toial lifecvele cost for an engine by 5
percent should encompass all of the costs identified here,
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